ABSTRACT All living organisms require nutrient minerals for growth and have developed mechanisms to acquire, utilize, and store nutrient minerals effectively. In the aqueous cellular environment, these elements exist as charged ions that, together with protons and hydroxide ions, facilitate biochemical reactions and establish the electrochemical gradients across membranes that drive cellular processes such as transport and ATP synthesis. Metal ions serve as essential enzyme cofactors and perform both structural and signaling roles within cells. However, because these ions can also be toxic, cells have developed sophisticated homeostatic mechanisms to regulate their levels and avoid toxicity. Studies in Saccharomyces cerevisiae have characterized many of the gene products and processes responsible for acquiring, utilizing, storing, and regulating levels of these ions. Findings in this model organism have often allowed the corresponding machinery in humans to be identified and have provided insights into diseases that result from defects in ion homeostasis. This review summarizes our current understanding of how cation balance is achieved and modulated in baker's yeast. Control of intracellular pH is discussed, as well as uptake, storage, and efflux mechanisms for the alkali metal cations, Na + and K + , the divalent cations, Ca 2+ and Mg 2+ , and the trace metal ions, Fe 2+ , Zn 2+ , Cu 2+ , and Mn 2+ . Signal transduction pathways that are regulated by pH and Ca 2+ are reviewed, as well as the mechanisms that allow cells to maintain appropriate intracellular cation concentrations when challenged by extreme conditions, i.e., either limited availability or toxic levels in the environment.
I N addition to the major components of organic molecules, i.e., carbon, nitrogen, hydrogen, and oxygen, living organisms require multiple chemical elements, termed nutrient minerals, for growth. In the aqueous cellular environment, these elements exist as charged ions that, together with protons and hydroxide ions, facilitate biochemical reactions. Charged ions, which cannot diffuse across lipid bilayers, also provide the raw material to establish electrochemical gradients that drive cellular processes such as ATP synthesis. Potassium ions help balance negative charge inside cells and activate critical metabolic processes such as protein translation. Trace elements, such as zinc, copper, iron, and manganese, are critical determinants of protein structure and serve as essential enzyme cofactors. Calcium performs structural, enzymatic, and signaling roles within cells. All of these essential elements can also be toxic. Thus, cells must be able to acquire, utilize, and store nutrient minerals effectively, but have also developed sophisticated homeostatic mechanisms to regulate their levels and avoid toxicity. Genetic studies in yeast have identified key components responsible for acquiring, utilizing, storing, and regulating levels of these ions. Furthermore, because many of these proteins are highly conserved, yeast serves as an excellent model to identify the corresponding machinery in humans and understand diseases that result from defects in ion homeostasis. A genome-wide study measured levels of 13 elements in .4000 yeast deletion strains grown in rich medium to establish the yeast "ionome." Relatively few mutations (212) were found to significantly perturb the ionome, revealing that robust mechanisms exist to compensate for loss of a single component of ion homeostasis . However, the vast majority of the 212 mutations identified altered the level of more than one element, and subsets of elements covaried, illustrating the cooperative nature of the regulatory networks that control intracellular ion levels. These studies also highlighted the critical role that intracellular organelles, particularly the vacuole and the mitochondria, play in ion regulation.
This chapter reviews our current understanding of how cation balance is achieved and regulated in baker's yeast. Starting with monovalent cations and proceeding to divalent metal ions, the role of each cation is briefly reviewed, with particular emphasis on current knowledge of its uptake, storage, and efflux mechanisms. Where appropriate, roles for cation in signal transduction pathways are also discussed.
Maintenance of Intracellular pH
The concentration of protons (H + ) in the cell, expressed as intracellular pH (pH i ), dramatically influences every aspect of cellular biochemistry and must be carefully regulated both in the cytosol and in the lumen of intracellular organelles. In rapidly growing yeast cells, cytosolic pH is stable at 7.2 and changes little over a broad range of extracellular pH (Martinez-Munoz and Kane 2008; Orij et al. 2009 ). However, mounting evidence indicates that intracellular pH is regulated and can serve a signaling function, in particular, to report nutrient availability (reviewed in Orij et al. 2011) . Different methods have been used to assess pH i in Saccharomyces cerevisiae including 31 P NMR (Navon et al. 1979) , pH sensitive dyes (Haworth et al. 1991) , and more recently, expression of pHlourin, a ratiometric pH-sensitive fluorescent protein (Orij et al. 2009 ) that can be targeted to the cytosol or intracellular compartments to measure pH in living cells (Braun et al. 2010; Maresova et al. 2010) . The concentration of protons in the cytosol is largely determined by the activity of two proton pumps: Pma1, which resides in the plasma membrane (PM), and a large protein complex, termed the V-ATPase, which acidifies the endomembrane system including the vacuole, Golgi, and endosomal compartments.
Pma1, the essential plasma membrane proton pump Pma1, a P2-type ATPase, is made up of a single 100-kDa subunit that pumps one proton across the plasma membrane per ATP molecule hydrolyzed. This H + -ATPase is one of the most abundant cellular proteins, consuming at least 20% of cellular ATP. Pma1 is essential and rate limiting for growth; mutations that compromise its activity decrease both cytosolic pH and growth (McCusker et al. 1987; Portillo and Serrano 1989) . Mutants with impaired Pma1 function are unable to grow in low pH media or in the presence of weak acids, reflecting their reduced ability to pump protons across the plasma membrane. They are also resistant to a variety of cationic drugs and ions, including the aminoglycoside, hygromycin B, because decreasing the proton-motive force across the plasma membrane leads to reduced cellular uptake of these compounds (Perlin et al. 1988) . PMA2 encodes a closely related gene product that is normally present at a very low level, but can substitute for Pma1 when expressed from a strong promoter (Supply et al. 1993 ).
Regulation of Pma1
Pma1 is regulated by at least two distinct mechanisms: First, to maintain neutral pH in the cytosol, Pma1 is activated when intracellular pH drops. This has been most clearly shown in cells exposed to weak organic acids, which cross the PM in their protonated state and become deprotonated in the cell to lower pH i . Under these conditions, the K m of Pma1 is decreased through an unknown mechanism (Eraso and Gansedo 1987; Carmelo et al. 1997) . A drop in internal pH also affects Pma1 activity indirectly by activating K + uptake through plasma membrane transporters, Trk1/2; this offsets the electrogenic potential created by Pma1-mediated proton pumping and facilitates its activation (Yenush et al. 2005) . Pma1 is also regulated post-translationally by phosphoryation, especially in response to nutrients. When glucose is added back to starved cells, pH i decreases transiently (30 sec), followed by activation of Pma1, which promotes recovery of pH i to pH 7.2 ( Figure 1 ). Pma1 activation is mediated in part by phosphorylation of the autoinhibitory C-terminal tail of Pma1, which increases its V max , affinity for ATP, and pH optimum. Thr-912 of Pma1 is constitutively phosphorylated; a modification that is necessary but not sufficient for Pma1 activation (Portillo et al. 1991) . Glucose addition results in further phosphorylation at Ser-911 to produce a tandemly phosphorylated, activated ATPase (Serrano 1983; Lecchi et al. 2007 ). Ptk2 and Hrk1, members of the Npr1 family of protein kinases, which regulates multiple membrane transporters, are thought to phosphorylate Pma1 (Goossens et al. 2000; Eraso et al. 2006) , and it may be dephosphorylated by a PP1-type phosphatase, containing the Glc7 catalytic subunit (Williams-Hart et al. 2002) . Other studies suggest that Ca 2+ -dependent signaling also contributes to activation of Pma1, by unknown mechanisms, in response to glucose addition (Tropia et al. 2006; Bouillet et al. 2012) .
Vacuolar ATPase acidifies the vacuole and secretory organelles
The other major protein that impacts cytosolic pH is the vacuolar proton-translocating ATPase, or V-ATPase, which pumps protons into the vacuole. The V-ATPase helps maintain cytosolic pH by removing protons from the cytosol; treating cells with concanamycin A, a V-ATPase inhibitor, causes a rapid drop in intracellular pH (Martinez-Munoz and Kane 2008) . The V-ATPase is a large highly conserved protein complex related to the mitochondrial F1/F0 ATPase. It is made up of 14 different subunits (some in multiple copies per enzyme) that are organized into two discrete subcomplexes: an integral membrane complex, V 0 , which contains the proton pore, and an associated V 1 complex, which is responsible for ATP hydrolysis and is made up of peripheral membrane proteins (Kane 2006) . In addition to these structural components, several additional proteins are required for assembly of the V 0 subcomplex in the endoplasmic reticulum (ER) and its subsequent transport/exit from the ER, but are not present in the mature enzyme (Graham et al. 2000; Malkus et al. 2004; Davis-Kaplan et al. 2006; Ryan et al. 2008) . There are two different forms of the V-ATPase in cells; one, containing the Vph1 subunit of the V 0 complex, resides on the vacuolar membrane and is responsible for acidifying that compartment (Tarsio et al. 2011) . The other contains Stv1 (similar to Vph1) instead of Vph1, and is transported to endosomes, the late Golgi, and secretory vesicles whose lumens are also acidic (Braun et al. 2010) .
The major function of the V-ATPase is to maintain acidic pH in the vacuole, which is approximately 5.6 in growing cells (Martinez-Munoz and Kane 2008) . This acidic pH is essential for enzymatic processes that take place in the vacuole, such as proteolysis, and creates a proton gradient across the vacuolar membrane that enables proton exchangers (i.e., Ca 2+ /H + , K + /H + , and Na + /H + ) to transport their substrates into the vacuole. The V-ATPase is not essential for growth under standard laboratory conditions; however, vma 2 mutants, which lack V-ATPase enzyme function, have growth defects on both low (,3) and high (.7) pH media and are sensitive to a variety of cations, including Ca 2+ , due to decreased sequestration of ions in the vacuole. In cells lacking functional V-ATPase, the only mechanism for vacuole acidification is the uptake of protons from the media via endocytosis (Munn and Riezman 1994) .
Regulation of V-ATPase activity
One mode of V-ATPase regulation is through the reversible dissociation/association of its two subcomplexes. This phenomenon was first demonstrated in response to glucose deprivation and readdition; during glucose starvation, when Figure 1 During glucose starvation, changes in intracellular pH serve a signaling function. (A) In the presence of glucose, Pma1 and the VATPase are active; cytosolic pH is 7.0-7.2 and vacuolar pH is 5.6. PKA is active, and V-ATPase association is proposed to regulate its activity. Inositol synthesis is active due to sequestration of the Opi1 repressor on the surface of the ER. (B) In glucose-starved cells, cytosolic pH drops due to decreased activity of Pma1 and dissociation of the V-ATPase subcomplexes. Opi1 is released from the ER due to protonation of phosphatadic acid (PA); Op1 entry into the nucleus represses expression of INO1 by Ino2/4 transcriptonal activators. Bright colors in A indicate active proteins; dull colors in B indicate reduced activity. See text for details.
ATP is limited, the intact V 1 subcomplex detaches from the integral membrane V 0 complex (Kane 2011) , causing inactivation of both portions of the V-ATPase and loss of ATP hydrolysis (Figure 1 ). This regulation is only observed for V-ATPase enzymes residing on the vacuolar membrane (Kawasaki-Nishi et al. 2001) .
Association of the V 1 and V 0 in response to glucose readdition promotes vacuolar acidification and requires the RAVE complex (Smardon et al. 2002) , PKA/Ras activity, and other factors (Smardon et al. 2002; Kane 2011) . This rapid mode of V-ATPase regulation appears to be highly conserved, as V-ATPase integrity is regulated in many organisms including mammals (Kane 2011 ) and responds to additional signals including pH; decreasing intracellular pH is necessary and sufficient to trigger V-ATPase disassembly (Dechant et al. 2010) , and increasing extracellular pH suppresses dissociation and stimulates V-ATPase activity (Diakov and Kane 2010) . Furthermore, in cells grown in poor nutrient conditions, the V-ATPase pool is partially disassociated, suggesting that this regulatory mechanism fine tunes the amount of V-ATPase activity to fit different growth conditions (Kane 2011) .
Coordination of Pma1 and V-ATPase
In normal cells, cytosolic pH is maintained by the combined efforts of Pma1 and the V-ATPase, and the activities of these proton pumps are coordinated at multiple levels. For example, in vma 2 mutants Pma1 is partially mislocalized to the vacuole and other compartments, which may help compensate for loss of the V-ATPase (Martinez-Munoz and Kane 2008) . Other conditions that alter vacuolar pH, such as incubation with concamycin A or deletion of VPH1, cause a reduction in Pma1 activity without perturbing its localization; the mechanism that mediates this Pma1 modulation in response to changes in vacuolar pH is unknown (MartinezMunoz and Kane 2008; Tarsio et al. 2011) .
Effects of pH on transport across membranes
In addition to their effects on intracellular pH, the proton gradients created by Pma1 and the V-ATPase are major determinants of membrane potential (Dc), which is the sum of all ionic gradients over a membrane. This electrochemical gradient is harnessed by protein transporters to drive the uptake and efflux of ions and nutrients across the membrane. The uptake of nutrients depends on maintenance of the plasma membrane proton gradient, as major nutrient permeases for glucose and other sugars as well as amino acids are H + symporters. Furthermore, these protoncoupled transporters, together with the K + transporters, Trk1 and Trk2, and the Na + /H + antiporter, Nha1, influence cytosolic pH by consuming the proton gradient (Orij et al. 2011) . Similarly, the electrochemical gradient across the vacuolar membrane powers transport into and out of the vacuole. Ca 2+ accumulates in the vacuole via the Ca 2+ /H + antiporter, Vcx1. Similarly, transport of heavy metals (Ycf1 and Zrc1), amino acids (Avt3, Avt4, and Avt6), and polyphosphate accumulation depend on the proton gradient across the vacuolar membrane (reviewed in Li and Kane 2009 ).
Do changes in intracellular pH serve a signaling function?
When cells are actively growing, homeostatic mechanisms maintain a relatively constant intracellular pH of 7.2 (Martinez-Munoz and Kane 2008; Orij et al. 2009 ). In contrast, glucose starvation causes a drop in cytosolic pH due to decreased Pma1 activity and V-ATPase disassembly ( Figure  1 ). Readdition of glucose to starved cells causes a further transient (30 sec) intracellular acidification, followed by a rise in intracellular pH mediated by activation of Pma1 and association of the V-ATPase subcomplexes. Some observations suggest that these rapid changes in pH i may be a signal that couples nutrient status to downstream events. In particular, adding glucose back to starved cells results in rapid activation of PKA, which phosphorylates multiple targets and signals high glucose availability. PKA is activated by a spike of cAMP, produced when the small GTPase, Ras, activates adenylate cyclase (Cyr1). Recent studies suggest that the V-ATPase is required for this glucose-mediated stimulation of PKA and that cytosolic pH serves as a second messenger in this regulatory pathway (Dechant et al. 2010) (Figure 1 ). However, glucose acts through a complex network of signaling events, some of which, i.e., activation of Cyr 1 through negative regulation of Ras GAPs (Ira1 and Ira2), are independent of changes in intracellular pH (Thevelein and de Winde 1999) .
Changes in intracellular pH are also thought to regulate phospholipid metabolism. During normal growth, when cytosolic pH is close to neutral, the Opi1 transcriptional repressor is tethered to the surface of the ER by its interactions with Scs2 and phosphatidic acid (PA), and as a result, inositol-regulated genes are active (Loewen et al. 2004) (Figure  1 ). However, when intracellular pH drops, as in glucosestarved cells, the phosphate head group of PA becomes protonated, decreasing its affinity for Opi1 and releasing the repressor from the ER. This allows Opi1 to enter the nucleus, where it inhibits expression of genes including INO1, which encodes the rate-limiting enzyme in inositol biosynthesis (Young et al. 2010) . Thus, changes in intracellular pH couple nutrient availability to the production of key enzymes required for membrane biogenesis.
The Alkali Metals
Sodium and potassium, together with lithium, rubidium, cesium, and francium, make up the family of alkali metals, which share similar properties and atomic structures and readily form monovalent cations. In cells, K + , plays many important physiological roles; it is required for negative charge compensation and activation of key metabolic processes, such as pyruvate synthesis and protein translation (Page and Di Cera 2006) . In contrast, Na + is toxic at high levels, in part because it readily substitutes for K + (Page and Di Cera 2006) . Thus, despite the much greater abundance of Na + in the environment, yeast must maintain a high intracellular ratio of K + /Na + ( Figure 4A ), and achieve this by selectively accumulating K + , while actively extruding Na + . K + is critical for balancing charge across the plasma membrane, and thus contributes to maintaining both intracellular pH and membrane potential. K + is continually taken up and extruded by cells, and both processes are important; membrane potential increases when potassium influx is crippled and decreases in cells defective for K + efflux (Madrid et al. 1998; Kinclova-Zimmermannova et al. 2006) ; furthermore, K + efflux systems are regulated in response to changes in the membrane potential . K + transport is also closely coordinated with H + -ATPase activity, and Pma1 is activated when K + uptake increases and also under K + starvation conditions (Seto- Young and Perlin 1991; Kahm et al. 2012) .
K + entry into cells
Under ideal growth conditions, cellular K + content is 200-300 mM ( Figure 4A) ; however, yeast can grow over a wide range of external K + concentrations (from 10 mM to 2.5 M), and must maintain a minimal amount of internal K + (30 mM) to survive (Arino et al. 2010) . Gene products responsible for high affinity K + uptake, the closely related Trk1 and Trk2, were identified by screening for mutants unable to grow under K + -limiting conditions (Gaber et al. 1988; Ko et al. 1990; Ko and Gaber 1991) (Figure 2 ). Of these, Trk1 is the dominant determinant of K + influx, due to its higher expression level. However, trk1D trk2D cells require 10-fold higher levels of K + supplementation for normal growth than trk1D, demonstrating the contribution of Trk2 to K + uptake. Trk1 and Trk2 are large plasma membrane proteins, 1235 and 889 amino acids long, respectively, each containing four M1-P-M2 sequence motifs, where M1 and M2 denote hydrophobic domains that are connected by an a-helical P segment. By analogy with the crystal structure of KcsA, a K + channel from Streptomyces lividans, each protein is proposed to fold into a symmetric array of four repeating pairs of membrane-spanning domains that contain a central K + -conducting pore (Durell and Guy 1999) . Each Trk1 or Trk2 monomer is further suggested to associate into a homotetramer. Trk1/2-mediated transport displays high affinity for K + and Rb + , and high velocity (V max = 30 nmol/mg cells/min) that is driven by the negative electrochemical potential established by the H + -APTase (Rodriguez-Navarro and Ramos 1984). Each transporter has two binding sites for cations, and normally cotransports two identical (K + ) ions, in contrast to related transporters in plants that cotransport one K + and one Na + ion (Haro and Rodriguez-Navarro 2002) . Surprisingly, these proteins also mediate efflux of anions, including halides (I 2 , Br 2 , and Cl 2 ) and nonhalide chaotropic anions (SCN 2 and NO 3
2 ), an activity that is not coupled to K + transport (Kuroda et al. 2004; Rivetta et al. 2011) . The physiological relevance of this efflux activity is not well understood, but may allow cells to balance charges created by Pma1-mediated proton extrusion (Rivetta et al. 2011) .
The activity and/or stability of Trk1/2 are altered by several protein kinases and phosphatases. The functionally redundant kinases, Hal4 and Hal5, are required to stabilize Trk1/2 at the plasma membrane, especially under conditions of low extracellular [K + ] (Perez- Valle et al. 2007 ). Furthermore cells lacking calcineurin, the Ca 2+ /calmodulin-dependent protein phosphatase, display decreased K + uptake, which is due in part to a defect in HAL5 expression, which is regulated by Crz1 (see below) and potentially to direct regulation of the transporters as well (Mendoza et al. 1994; Casado et al. 2010) . Sky1, an SR protein kinase, so named for its role in regulating SR-type splicing factors, may also regulate Trk1/2 and/or additional components of K + homeostasis (Erez and Kahana 2002; Forment et al. 2002) . Finally, Trk1 physically associates with the Ppz1 phosphatase in membrane microdomains, and increased phosphorylation of Trk1 in ppz1ppz2 mutants suggests that it is a substrate for these phosphatases. Hal3 negatively regulates Ppz1 and associates with it in a pH-dependent manner, thus leading to the proposal that the Hal3-Ppz1 interaction allows intracellular levels of H + and K + to be adjusted coordinately through regulation of Trk1 activity (Yenush et al. 2002 (Yenush et al. , 2005 .
In addition to high affinity K + /Rb + transport, yeast display a low-affinity mode, which is likely also mediated by Trk1/2 (Arino et al. 2010) . However, trk1 trk2 cells display a very low affinity K + transport activity, with a K m in the millimolar range, for which the responsible protein(s) has not been identified (Madrid et al. 1998) . NSC1 (for nonspecific cation channel), an ion conductance identified using electrophysiological methods whose molecular identity is unknown, mediates K + currents that are blocked by Ca 2+ Figure 2 The major transporters responsible for uptake, efflux, and intracellular transport of alkali metal ions in S. cerevisiae. Note that the VATPase also resides in endosomes and late Golgi, but was omitted from the figure due to space constraints.
and other divalent cations in trk1 trk2 cells, and could be responsible for the low affinity K + transport observed (Bihler et al. 1998; Madrid et al. 1998) . Thus, additional K + transporters remain to be identified in yeast.
K + efflux
Nha1 and Ena1, discussed below, play primary roles in Na + transport, but also efflux K + . Tok1, an outwardly rectifying K + channel in the plasma membrane that is activated by membrane depolarization, is the only K + -specific efflux mechanism in yeast cells (Gustin et al. 1986; Bertl et al. 1993; Ketchum et al. 1995; Zhou et al. 1995) (Figure 2 ). Tok1 is a 691-amino-acid-long integral membrane protein that contains two pore domains, each of which conducts K + . It is the founding member of a conserved family of K + channels (2P) that contain two tandem pore domains (Enyedi and Czirjak 2010) . The cytosolic carboxy terminal tail of Tok1 participates in its regulation and gating by preventing channel closure (Loukin and Saimi 2002) . Despite extensive electrophysiological characterization of this channel, its physiological significance is somewhat unclear. Tok1-mediated release of cellular K + at low membrane potential should boost the electrochemical potential across the plasma membrane. In fact, deletion of TOK1 does lead to depolarization, and its overexpression hyperpolarizes cells (Maresova et al. 2006) , but tok1 mutants display no growth defects, changes in K + content, or transport activity. This channel is the target of the K1 viral killer toxin, which kills yeast by binding to and activating Tok1 (Ahmed et al. 1999 ).
Maintenance of intracellular K + levels
Although many components of K + transport in yeast have been identified, a greater understanding of the ways in which these transport systems work together is needed. A computational model was recently developed to explain how cells maintain a minimal concentration of intracellular K + under K + starvation conditions. Surprisingly, these investigations suggest that increased levels of Pma1 activity and bicarbonate ion, rather than regulation of Trk1/2 or Nha1, are critical under these conditions (Kahm et al. 2012) . Intracellular CO 2 , produced in many enzymatic reactions, is converted by carbonic anhydrase (encoded by NCE103) to carbonic acid, which dissociates into bicarbonate (HCO 3 2 ) and protons. Protons are pumped out of the cell by Pma1; however, HCO 3 2 accumulates inside the cell and becomes a negative-charge sink that increases K + retention inside the cell. Experimental studies confirm that NCE103 expression increases under conditions of K + starvation (Kahm et al. 2012) and also show that while cells maintain a minimal intracellular K + concentration, the amount of K + in a yeast cell varies as a function of extracellular K + concentration and is an example of nonperfect adaptation (Kahm et al. 2012) .
Na + entry into cells
Yeast cells do not actively accumulate Na + ; cellular levels of this ion are low under standard growth conditions, but rise when cells are challenged with a high Na + environment. For wild-type yeast, Na + is a competitive inhibitor of K + transport and has a lower affinity than K + for Trk1 (Haro and Rodriguez-Navarro 2002) . In high Na + environments, Trk1 is thought to transport some Na + , although it is also modified under these conditions, through an unknown mechanism, to become more selective for K + (Mendoza et al. 1994) . Cells lacking high affinity K + transport (trk1 trk2) have a higher Na + content than wild-type cells (Gomez et al. 1996) , because the remaining, nonspecific cation transporters, such as NSC1, mediate influx of both K + and Na + . In general, yeast transport mechanisms are biased toward minimizing Na + uptake and promoting its efflux. However, somewhat surprisingly, S. cerevisiae also depend on Na + for phosphate assimilation by Pho89, a plasma protein containing 12 predicted membrane-spanning domains that cotransports Na + and inorganic phosphate (Figure 2 ). Pho89p has a K m for phosphate of 0.5 mM, is highly specific for Na + , and is maximally active at alkaline pH (9.5) (Martinez and Persson 1998) . It is the only nutrient transporter in yeast known to require Na + for its activity. Expression of Pho89 is induced by phosphate limitation and by high pH; it is one of two high-affinity phosphate transporters, the other of which, Pho84, mediates proton-coupled phosphate transport and is active at low pH (Pattison-Granberg and Persson 2000).
Na + efflux
Two different mechanisms promote efflux of Na + , Li 2 , and to a lesser extent, K + ; the Ena P-type ATPases and the Nha1 antiporter both promote yeast growth in the presence of toxic cations (Figure 2 ). Chromosome IV of S. cerevisiae contains a group of tandemly repeated genes, ENA1-5, each of which encodes a highly related (.97% identical in amino acid sequence) P-type ATPase of the fungal-specific P2D subtype (Palmgren and Nissen 2011) . These gene products localize to the plasma membrane, where they use ATP hydrolysis to extrude Na + , Li + , and possibly K + (Haro et al. 1991; Benito et al. 1997) . The size of the ENA cluster varies; most laboratory strains contain three to five genes, with more Na + -and Li + -tolerant strains containing larger arrays (Arino et al. 2010) . CEN.PK strains, which contain a single atypical gene (ENA6), and deletion mutants lacking the entire gene cluster are extremely sensitive to Na + and Li + (Haro et al. 1991; Daran-Lapujade et al. 2009 ) and display growth defects under alkaline conditions (Haro et al. 1991) . Expression of ENA1 is induced under these growth conditions by a constellation of signaling pathways including the osmotic stress-responsive HOG pathway, the Ca 2+ -dependent calcineurin/Crz1 pathway that promotes survival under a variety of stress conditions, the Rim101 pathway, which modulates tolerance to NaCl and high pH as well as regulating meiotic gene transcription, and nutrient-dependent pathways regulated by Snf1 and TOR (reviewed in Arino et al. 2010) . At high pH, Ena-mediated Na + and K + efflux become essential, most likely because the Na + , K + /H + antiporter, Nha1 cannot function under these conditions (Haro et al. 1991) .
Nha1 is a plasma membrane proton antiporter that mediates extrusion of Na + and K + with similar affinities and promotes tolerance to alkali cations at acidic pH (Bañuelos et al. 1998; Ohgaki et al. 2005) . This protein functions as a dimer and is electrogenic, exchanging multiple protons for each molecule of Na + or K + transported Ohgaki et al. 2005) . Nha1 is 985 amino acids in length; its overall structure is similar to other Na + /H + exchangers (NHE) with a predicted short N-terminal cytosolic domain, followed by 12 membrane-spanning segments and a very long (551 amino acids) C-terminal cytosolic domain. This C-terminal domain contains six regions that are conserved in other fungal NHEs, and includes sequences required for its targeting to the plasma membrane, activity, substrate specificity, and regulation, such as its interaction with 14-3-3 proteins (Kinclova et al. 2001; Simon et al. 2001; Mitsui et al. 2004; . In addition to its role in Na + detoxification, Nha1-mediated K + efflux contributes to the constitutive K + uptake and efflux that is used to regulate the membrane potential of yeast cells . It also promotes rapid adaptations to alkaline and osmotic stress (Bañuelos et al. 1998; Kinclova et al. 2001; Proft and Struhl 2004) , and may contribute to cellcycle regulation, as Nha1 overexpression suppresses the G1 arrest of a phosphatase-deficient (sit4 hal3) strain (Simon et al. 2001 (Simon et al. , 2003 .
Alkali metal cation transport in intracellular compartments
Mitochondria: K + /H + exchange (KHE) is carried out by mitochondria, and mutations that compromise this exchange alter mitochondrial K + content, cause defects in respiratory chain assembly, and disrupt mitochondrial morphology and volume homeostasis (Nowikovsky et al. 2012) . In S. cerevisiae, Mdm38 and Mrs7, members of the LETM1 protein family, are required for KHE ( Figure 2) ; however, LETM1 proteins contain a single trans-membrane domain, suggesting that they modulate transport rather than directly conducting ion exchange. In support of this hypothesis, both Mdm38 and Mrs7 are components of larger protein complexes (Nowikovsky et al. 2012) . Human LETM1 family members contain EF hand calcium-binding domains that are not present in the yeast proteins, and Letm1 has been proposed to participate in mitochondrial Ca 2+ uptake, although this issue is controversial. Human LETM1 is associated with Wolf-Hirschhorn syndrome (WHS), a pleiotropic neurological disorder, which is caused by a partial deletion of chromosome 4; loss of Letm1 occurs in a subset of WHS cases and is linked to the occurrence of seizures (Nowikovsky et al. 2012) .
Vacuole, Golgi, and endosomes: Yeast cells accumulate Na + and K + in the vacuole and other organelles of the secretory system, i.e., the Golgi and endosomes, via proton-coupled antiport, with the V-type ATPase generating the proton gradient that drives accumulation of the alkali cation. Vnx1, which was identified using reverse genetics, mediates the majority of this transport in the vacuole (Cagnac et al. 2007) (Figure  2 ). Vnx1 encodes a 102-kDa protein with 13 predicted membrane-spanning domains and is a member of the calcium exchanger (CAX) superfamily, although it lacks several sequence motifs thought to mediate Ca 2+ binding and does not transport Ca 2+ . Vnx1 localizes to the vacuole, and vnx1D yeast display increased sensitivity to NaCl and to the positively charged aminoglycoside, hygromycin B (Cagnac et al. 2007) . Vacuolar vesicles isolated from vnx1D cells are greatly deficient in Na + and K + /H + exchange activity (Cagnac et al. 2007 (Cagnac et al. , 2010 . Surprisingly, the vacuolar Ca 2 + /H + exchanger, Vcx1 was shown to mediate a small amount of residual vacuolar K + /H + exchange observed in vnx1D cells (Cagnac et al. 2010) .
Kha1 encodes a Golgi-localized, 97-kDa protein with 12 predicted transmembrane domains that is related to bacterial K + and Na + transporters (Maresova and Sychrová 2005) . The transport activity of Kha1 has not been examined biochemically; however, phenotypic characterization suggests that it carries out K + /H + transport. kha1D strains display sensitivity to hygromycin B and a growth defect under alkaline conditions that can be suppressed by addition of K + to the media (Maresova and Sychrová 2005) . Furthermore, studies of a mammalian chloride channel, CIC-2, showed that this channel was able to substitute for a yeast chloride channel, Gef1, only in cells that also overexpressed Kha1. This suggests that increased levels of Kha1 improves CIC-2 function by bringing the pH of the yeast Golgi closer to the CIC-2 optimum (Flis et al. 2005) . Thus, Kha1 is thought to play roles in both K + and pH homeostasis by carrying out K + /H + exchange.
Nhx1 encodes an endosomal Na + /H + antiporter that is a member of the NHE superfamily and localizes mainly to the late endosome, as well as other secretory organelles (Nass and Rao 1998; Kojima et al. 2012) (Figure 2) . A role for Nhx1 in sequestration of Na + and K + into secretory organelles has been demonstrated, for which it utilizes the proton gradient established by the V-type ATPase (Nass et al. 1997; Brett et al. 2005) . nxh1D cells display growth defects in high salt or low pH conditions, and a decrease in intracellular pH (Nass et al. 1997; Brett et al. 2005) . However, Nhx1 was also identified in a screen for mutants with vacuolar protein sorting defects (Bowers et al. 2000) , and its role in determining the pH of endosomal compartments is critical to protein trafficking, where it may regulate the fusion of these compartments (Qiu and Fratti 2010; Kallay et al. 2011; Kojima et al. 2012) .
Proton-independent transport may also contribute to K + accumulation in the vacuole. Vhc1, a member of the cationCl 2 cotransporter (CCC) family of transporters, is thought to function as a vacuolar K + -Cl 2 cotransporter (Figure 2 ) (Andre and Scherens 1995; Petrezselyova et al. 2012) . Deletion of VHC1 improves growth of a trk1D trk2D strain under low potassium conditions, but does not alter cytosolic pH, suggesting that this protein sequesters K + in the vacuole without transporting protons (Petrezselyova et al. 2012) . Like the related K + -Cl 2 cotransporter, NKCC1, in humans, Vhc1 contributes to cellular volume control. When exposed to hyperosmotic shock, vacuoles in vhc1D cells shrink less than those in wild-type cells, and the mutants show reduced survival (Petrezselyova et al. 2012) . Although Vhc1 transport activity has not been demonstrated directly, this physiological characterization is consistent with the proposal that it mediates K + -Cl 2 cotransport into the vacuole.
Divalent Cations: Ca 2+ and Mg 2+ Ca 2+ ion homeostasis and regulation Ca 2+ is ubiquitous in the environment and serves a variety of signaling and structural functions in all eukaryotes. This cation is required for growth of S. cerevisae. Yeast undergo G2 arrest in growth medium that has been depleted of metal ions, but resume cell cycle progression upon readdition of Zn 2+ , together with either Ca 2+ or Mn 2+ . Calcium is abundant in yeast cells ( Figure 4A ). However, for Ca 2+ to serve its signaling function, a low cytosolic concentration of this ion (50-200 nM) must be maintained (Miseta et al. 1999) ; this is achieved by Ca 2+ pumps and exchangers that actively sequester Ca 2+ in intracellular compartments. Under specific conditions, such as exposure to environmental stress or mating pheromone, cytosolic Ca 2+ transiently increases and activates downstream events. These signals are generated by Ca 2+ entry through plasma membrane ion channels and/or release from intracellular organelles. The primary Ca 2+ store in yeast cells is the vacuole, where .90% of all cellular Ca 2+ resides in association with polyphosphate (total concentration, 2 mM) (Dunn et al. 1994) . Intracellular Ca 2+ stores in yeast differ significantly from those in mammalian cells: Yeast mitochondria do not accumulate Ca 2+ and do not express the Ca 2+ uniporter found in their mammalian counterparts (Carafoli et al. 1970; Baughman et al. 2011; De Stefani et al. 2011) . Also, the endoplasmic reticulum is not a significant Ca 2+ store in yeast cells, containing 10 mM Ca 2+ , compared to 250-600 mM observed in the ER of mammalian cells (Demaurex and Frieden 2003) . However, there are direct parallels between the main components of Ca 2+ homeostasis in yeast cells and cardiac myocytes (described in Cui et al. 2009b ).
Ca 2+ entry into yeast cells
Yeast cells possess both high and low affinity mechanisms for Ca 2+ influx across the plasma membrane. The high affinity, low capacity, Ca 2+ system (HACS) requires at least three proteins: Mid1, Cch1, and Ecm7 (Cunningham 2011) . Mid1 and Cch1 are trans-membrane proteins that interact with each other (Iida et al. 1994; Fischer et al. 1997; Paidhungat and Garrett 1997; Locke et al. 2000) . Mid1 has four predicted trans-membrane domains and is broadly conserved in yeast and fungi. Cch1 is a large protein that is related to the alpha subunit of mammalian voltagegated calcium channels (VGCCs) and is partially inhibited by the L-type VGCC blockers nifedipine and verapamil (Teng et al. 2008) . However, key residues that are required for voltage sensing in mammalian channels are lacking in Cch1 (Teng et al. 2008) . Ecm7, the third protein proposed to be a component of the channel, is related to gamma subunits of VGCCs and is a member of the claudin superfamily of proteins. In cells lacking Mid1, Ecm7 is destabilized, suggesting that it associates with Mid1, although this interaction has yet to be demonstrated (Martin et al. 2011) . Cells lacking either Mid1 or Cch1 or both have similar phenotypes, such as low Ca 2+ uptake activity and loss of viability during prolonged exposure to mating pheromone (Iida et al. 1994; Fischer et al. 1997; Paidhungat and Garrett 1997) , consistent with their contributing to a single functional complex. The electrophysiological properties of this Ca 2+ channel and its mechanism of activation are unclear. Expression of Mid1 in mammalian cells resulted in a new stretch-activated Ca 2+ channel activity, and the endogenous yeast channel may be similarly mechanosensitive. Studies of the analogous channel in the fungal pathogen, Cryptococcus neoformans, indicate that the channel is activated by the depletion of intracellular Ca 2+ stores (Hong et al. 2010) . Several physiological conditions that activate influx through HACS have been identified, although the molecular details of this regulation have not been worked out (see below).
A second, less well-defined Ca 2+ influx activity in yeast has been termed LACS for low affinity Ca 2+ system. LACS is activated when cells grown in rich medium are exposed to high concentrations of pheromone. Genome-wide screens for mutants defective in LACS identified components of the polarisome (Bni1, Spa2, and Pea2), a protein complex that localizes to the tip of the mating projection and is involved in organizing and polymerizing actin (Howell and Lew 2012) , as well as other actin-binding proteins (Rvs167) and gene products required for cell fusion during mating (Fig1, Fus1, and Fus2) (Muller et al. 2003 (Muller et al. , 2009 ). Pheromone induces expression of Fig1, a member of the claudin superfamily of proteins that contains four predicted transmembrane domains (Erdman et al. 1998) , and localizes to sites of cell fusion during mating (Aguilar et al. 2007) . Cells lacking Fig1 fail to induce LACS and have fusion defects during mating that can be suppressed by addition of Ca 2+ to the medium. This suggests that Ca 2+ influx through LACS is intimately coupled to the cell fusion process and may represent a Ca 2+ -dependent wound repair pathway that is triggered by membrane holes induced during the fusion process (Engel and Walter 2008) .
In addition to HACS and LACS, yeast cells possess additional Ca 2+ influx pathways that have not yet been characterized at the molecular level. Mathematical modeling of Ca 2+ transients predicts the presence of additional influx pathways that are subject to rapid feedback inhibition by Ca 2+ (Cui et al. 2009a) . Subsequent experimental analyses indicated that these additional influx pathways are inhibited by Mg 2+ (Cui et al. 2009a) , which is consistent with observations of rapid Ca 2+ influx in cells grown in Mg 2+ -deficient medium (Wiesenberger et al. 2007) . Ca 2+ influx is also stimulated when glucose is added back to glucose-starved cells, and this pathway requires the Gpr1 plasma membrane receptor coupled to Gpa2, a Ga subunit, and phospholipase C (see below). For cells grown in minimal medium, Mid1/Cch1 mediates this Ca 2+ influx. However, cells grown in rich medium show a large Ca 2+ signal upon glucose addition that is retained in mutants lacking Mid1, Cch1, or Fig1. This new activity, termed glucoseinduced calcium (GIC) system, displays unique characteristics, including sensitivity to magnesium, gadolinium, and nifedipine and resistance to the related L-type VGCC inhibitor, verapamil . Thus, GIC likely represents one of the previously identified Mg 2+ -sensitive influx pathways.
Ca 2+ sequestration in intracellular compartments ER/Golgi/secretory pathway: As mentioned, the ER-lumenal Ca 2+ concentration is significantly lower in yeast than in mammalian cells. However, the secretory pathway contains many Ca 2+ -dependent enzymes, and the lumen of the ER and other secretory organelles contains a much higher concentration of Ca 2+ than the cytosol (10 mM in the ER lumen compared to 125 nM in the cytosol). This Ca 2+ gradient is achieved primarily by the activity of Pmr1, a conserved P-type ATPase that pumps Ca 2+ and Mn 2+ , whose human homolog is hSPCA1 (for secretory pathway Ca 2+ -ATPase 1). Mutations in the gene that encodes hSPCA1 result in a blistering skin disorder termed Hailey-Hailey disease (HHD) (Hu et al. 2000; Sudbrak et al. 2000) . Both pmr1D yeast and human HHD cells have secretory vesicles and organelles that are deficient in Ca 2+ and Mn 2+ , which results in defects in the folding, modification, and sorting of proteins that pass through the secretory pathway (Antebi and Fink 1992; Durr et al. 1998; Hu et al. 2000; Sudbrak et al. 2000) . Both proteins localize primarily to the Golgi (Burk et al. 1989; Antebi and Fink 1992) ; however, pmr1D yeast are also significantly depleted for Ca 2+ in the ER. Thus, the minor pool of Pmr1 passing through the ER plays a major role in concentrating Ca 2+ and Mn 2+ in this organelle (Strayle et al. 1999) . In contrast, ER-localized SERCAtype Ca 2+ -ATPases fulfill this role in mammalian cells.
Spf1/Cod1, an ER-localized P-type ATPase that is a member of the evolutionarily conserved, but poorly understood p5 subfamily of P-type ATPases (Palmgren and Nissen 2011) , also contributes to Ca 2+ homeostasis in the ER and Golgi. spf1D and pmr1D exhibit similar defects; however, double mutants spf1D pmr1D are more severely compromised for Ca 2+ /Mn 2+ -dependent glycosylation events, and constitutively induce the unfolded protein response (Cronin et al. 2002; Vashist et al. 2002) . Thus, although the substrate it transports remains unidentified, Spf1/Cod1 clearly overlaps functionally with Pmr1 to maintain proper Ca 2+ and Mn 2+ homeostasis in the ER and Golgi of yeast cells.
Vacuole: Yeast cells contain one or more vacuoles: dynamic, acidic, storage organelles akin to mammalian lysosomes and plant tonoplasts, that undergo fusion and fission during the cell cycle and in response to environmental stimuli (Baars et al. 2007 ). The vacuole is the primary Ca 2+ storage organelle in yeast, containing .90% of total cellular Ca 2+ , and the primary mechanism for clearing Ca 2+ from the yeast cytosol is its rapid delivery to the vacuole. This vacuolar Ca 2+ sequestration is carried out by the combined action of Vcx1, a H + /Ca 2+ exchanger and member of the type II calcium exchanger family (CAX) and Pmc1, a P-type Ca 2+ -ATPase.
Vcx1 utilizes the steep proton gradient across the vacuolar membrane (generated by the V-type H + -ATPase) to couple Ca 2+ entry into the vacuole with H + efflux into the cytosol (Cunningham and Fink 1996; Pozos et al. 1996; Pozos 1998) . When wild-type yeast are exposed to a sudden increase in extracellular Ca 2+ , cytosolic Ca 2+ levels rise, peaking within seconds, and then sharply decrease within 30 sec to restore a low steady state level of cytosolic Ca 2+ (Miseta et al. 1999) . Vcx1 is primarily responsible for this rapid Ca 2+ flux into the vacuole, and vcx1D mutants display a greater increase and significantly slower decrease in cytosolic Ca 2+ under these same conditions. However, vcx1D cells do not exhibit lower amounts of steady state vacuolar Ca 2+ and these cells are as tolerant as wild type to growth on media containing high levels of Ca 2+ (Cunningham and Fink 1996; Pozos et al. 1996; Pozos 1998) .
In contrast, pmc1D cells display Ca 2+ flux dynamics that are identical to wild-type cells (Miseta et al. 1999) , but exhibit Ca 2+ -sensitive growth and reduced vacuolar content (Cunningham and Fink 1994) ; both phenotypes are exacerbated in pmc1D vcx1D cells (Cunningham and Fink 1996; Pozos et al. 1996; Pozos 1998) . Thus, Vcx1 and Pmc1 work together to sequester Ca 2+ into the yeast vacuole. Vcx1 rapidly handles a large volume of Ca 2+ and plays the dominant role in short-term Ca 2+ dynamics, and the slower, ATP-dependent action of Pmc1 establishes the extremely steep Ca 2+ concentration gradient across the vacuolar membrane that exists in wild-type cells. A mathematical model, developed to explain the key characteristics of yeast Ca 2+ transients, predicted the existence of an additional regulatory element, i.e., rapid Ca 2+ -dependent negative feedback of Ca 2+ influx pathways, which has not yet been demonstrated experimentally (Cui et al. 2009a) . Calcineurin, the Ca 2+ /calmodulin-dependent phosphatase regulates Ca 2+ homeostasis, but on a slower time scale. Calcineurin increases expression of PMC1 and PMR1 by activating the Crz1 transcription factor, and negatively regulates Vcx1 activity through an undetermined mechanism (Cunningham and Fink 1994; Cunningham and Fink 1996; Matheos et al. 1997; Stathopoulos and Cyert 1997; Pittman et al. 2004 ) (see below).
Ca 2+ release from intracellular compartments
Vacuolar Ca 2+ release mediated by Yvc1: Ca 2+ stored in the vacuole can be released into the cytosol through the Yvc1 Ca 2+ channel, also called TRPY1 (Figure 3) . The Yvc1 channel was first identified by electrophysiological studies of ion conductances in isolated yeast vacuoles (Bertl and Slayman 1990; Saimi et al. 1992) , which showed that it was cation selective and inhibited by vacuolar Ca 2+ (mM) or low pH (,5). Many years later, the gene product responsible for this conductance was identified as the product of the Yvc1 gene, which is a member of the large family of TRP channels (transient receptor potential), whose mammalian members are responsible for sensory phenomenon such as detection of heat, cold, and pain and are associated with diseases including retinal degeneration and polycystic kidney disease (Palmer et al. 2001; Nilius and Owsianik 2011) . Yeast strains lacking Yvc1 display no growth defects, but overexpression of the gene confers Ca 2+ sensitivity, suggesting a role for this protein in Ca 2+ homeostasis (Denis and Cyert 2002) . Indeed, Yvc1 mediates vacuolar Ca 2+ release when yeast are exposed to osmotic shock (Denis and Cyert 2002) , a condition also reported to trigger Ca 2+ influx through Mid1/Cch1 (Matsumoto et al. 2002) . Further studies showed that the Yvc1-encoded channel is mechanosensitive, suggesting that vacuolar shrinkage during osmotic shock may directly activate the channel (Zhou et al. 2003) . Yvc1 is also thought to contribute to Ca 2+ transients observed after glucose readdition to starved cells (Bouillet et al. 2012) , although the mechanism of its activation is unknown.
Ca 2+ -dependent signaling pathways
Responses to stress: Ca 2+ is widely used in prokaryotic and eukaryotic cells as a second messenger that triggers downstream signaling events. Ca 2+ signals are extremely dynamic and are controlled both temporally and spatially to confer specific cellular responses (Clapham 2007) . In yeast, calmodulin is a major target of Ca 2+ which, in its Ca 2+ -bound form, binds to and activates protein kinases (Cmk1 and Cmk2) and calcineurin, the conserved Ca 2+ /calmodulindependent phosphatase (Cyert 2001) (Figure 3 ). These kinases and phosphatases are often stimulated by the same physiological conditions (Moser et al. 1996; Dudgeon et al. 2008) , however only calcineurin-dependent pathways, which are better understood, will be described here. Calcineurin is a heterodimer composed of a catalytic and a regulatory subunit (encoded by CNA1, CNA2, and CNB1, respectively). Calcineurin deficiency can by induced by mutation (cna1D cna2D or cnb1D) or by incubating yeast with the calcineurin inhibitors, cyclosporine or FK506 (Foor et al. 1992) . Calcineurin is not essential for growth under typical laboratory conditions, i.e., when [Ca 2+ ] cyto is low and the enzyme exhibits little activity. However, exposure of yeast to any of a number of environmental stress conditions, including high pH, cell wall damage, and high concentrations of cations (Mn 2+ , Na + , and Li + ) activates calcineurin, and the phosphatase is required for cell survival under these conditions (Cyert 2003; Garcia et al. 2004; Viladevall et al. 2004; Zakrzewska et al. 2005) (Figure 3 ). This Ca 2+ -mediated stress response is conserved in pathogenic fungi, where it promotes survival in the host and is required for pathogenesis (Bastidas et al. 2008) . Calcineurin dephosphorylates a range of protein targets in yeast, including the Crz1 transcription factor, which rapidly translocates from the cytosol to the nucleus upon dephosphorylation to express genes encoding cell wall biosynthetic enzymes (Fks2), ion pumps (Pmc1, Pmr1, and Ena1), signaling enzymes (Cmk2), components of vesicle trafficking (Gyp7 and Ypt53), and regulators of calcineurin (Rcn1) (Yoshimoto et al. 2002; Cyert 2003; Heath et al. 2004; Viladevall et al. 2004; Bultynck et al. 2006) . In addition to Crz1, calcineurin dephosphorylates proteins involved in ER translocation (Hph1) (Pina et al. 2011) , TORC2 effectors (Slm1 and Slm2) (Bultynck et al. 2006; Berchtold et al. 2012; Niles et al. 2012) , its regulator (Rcn1) (Hilioti et al. 2004) , and as mentioned, may regulate K + transporters (Mendoza et al. 1994) (Figure  3 ). In response to excess amino acids, calcineurin also activates endocytosis of the Dip5 amino acid transporter by dephosphorylating the a-arrestin trafficking adaptor, Aly1/ Art6 (A. F. O'Donnell, unpublished results). Calcineurindependent signaling is activated by the influx of extracellular Ca 2+ , rather than Ca 2+ release from intracellular stores. In some cases, such as the responses to alkaline and ER stress, Ca 2+ influx is mediated by the Mid1/Cch1 plasma membrane channel (Bonilla et al. 2002; Viladevall et al. 2004) ; however, for many calcineurin-activating conditions, the effect of mid1 or cch1 mutations on signaling has not been tested. Although the mechanism of Mid1/Cch1 activation has not yet been clearly defined, the channel is suggested to be mechanosensitive (Kanzaki et al. 1999) , which could explain the link between environmental stress and calcineurin activation. Crz1/calcineurin signaling is active when protein secretion is compromised, i.e., in pmr1D cells, in many mutants with defects in vesicle-mediated transport, Figure 3 Environmental stress induces Ca 2+ influx into S. cerevisiae via the Mid1/Cch1 high affinity Ca 2+ channel and activation of the calcineurin phosphatase (CN), which dephosphorylates substrates Crz1, Aly1, Slm1/2, and Hph1. See text for details. Note that the V-ATPase also resides in endosomes and late Golgi, but was omitted from the figure due to space constraints. and in cells experiencing ER stress caused by the accumulation of unfolded proteins (Locke et al. 2000; Bonilla et al. 2002; Martin et al. 2011) . All of these conditions cause alterations in cell wall composition, and as yeast cells are under constant turgor pressure, could result in activation of Ca 2+ influx through a mechanosensitive ion channel in the plasma membrane. Furthermore, many conditions that activate the protein kinase C-regulated cell wall integrity pathway, which responds to cell wall damage caused by chemical agents, heat, mutation in cell wall biosynthetic enzymes, or hypotonic shock, also activate calcineurin-mediated stress responses (Levin 2011) . During heat stress, for example, both Ca 2+ /calcineurin and the cell wall integrity pathway are activated and work together to regulate expression of a cell wall biosynthetic enzyme, Fks2 (Zhao et al. 1998a) . Thus, plasma membrane/cell wall stretch may activate the cell wall integrity pathway through its upstream sensors, Wsc1-3, Mid2, and Mtl1 (Levin 2011) , while simultaneously causing Ca 2+ influx via activation of Mid1/Cch1. Surprisingly, Ca 2+ influx stimulated by hypotonic shock requires Cch1 but not Mid1 (Groppi 2011) .
Response to mating factor: Exposure of haploid MATa yeast cells to a-factor mating pheromone activates a MAPK signaling pathway to induce cell-cycle arrest and morphological changes, such as cell polarization and production of cell surface agglutinins, that promote interaction and, ultimately, fusion with a mating partner (Dohlman and Slessareva 2006) . Changes in Ca 2+ ion accumulation also play an important signaling role in this process, as cells incubated with pheromone for extensive periods die unless Ca 2+ is present in the growth medium (Iida et al. 1990; Cunningham 2011) . Indeed, exposure to mating factor stimulates the Mid1/Cch1 or HACS Ca 2+ channel, inducing a rise in [Ca 2+ ] cyto that activates Ca 2+ /calmodulin-dependent phosphatases, Cna1/2, and kinases, Cmk1/2. Cells lacking any of the gene products in this signaling pathway behave like cells deprived of extracellular Ca 2+ and lose viability during prolonged exposure to pheromone (Iida et al. 1994; Moser et al. 1996; Fischer et al. 1997; Paidhungat and Garrett 1997; Withee et al. 1997) . Calcineurin activates gene expression in pheromone-treated cells through regulation of Crz1, and like calcineurin mutants, crz1D cells exhibit decreased survival when incubated with pheromone (Stathopoulos and Cyert 1997; Yoshimoto et al. 2002) . The extensive cell wall remodeling that occurs as cells extend mating projections may cause cell wall damage, and thus explain the requirement for both calcineurin and PKC-mediated stress responses for survival under these conditions (Levin 2011) . Once Ca 2+ influx is activated by pheromone, calcineurin negatively regulates this pathway by inhibiting HACS-mediated Ca 2+ influx, possibly by dephosphorylating Cch1 (Locke et al. 2000) . Ca 2+ also seems to facilitate cell fusion during mating. At higher pheromone concentrations than those required for HACS activation, Ca 2+ influx through LACS is stimulated, and transcription of Fig1, which encodes a component of LACS is induced (Erdman et al. 1998) . Mutants that disrupt LACS, including fig1D, have defects in cell fusion during mating that can be alleviated by addition of high extracellular Ca 2+ (Muller et al. 2003; Aguilar et al. 2007 ).
Response to nutrients: Yeast respond to the presence of glucose, sucrose, and other sugars using a variety of intracellular signals including cAMP and pH i (as discussed earlier) as well as Ca 2+ (Gancedo 2008) . Addition of glucose to yeast cells deprived of sugar results in a rapid influx of extracellular Ca 2+ (Nakajima-Shimada et al. 1991) that requires glucose phosphorylation and Gpr1 (Tisi et al. 2002) , a plasma membrane protein that is a member of a large class of G protein-coupled receptors containing seven membrane-spanning domains (Xue et al. 2008) . Although such proteins typically interact with a heterotrimeric GTPbinding, or G protein, composed of a, b, and g subunits, Gpr1 interacts with and activates the Ga-related Gpa2, in the absence of a traditional b or g subunit (Gancedo 2008) . Sugars, i.e., glucose or sucrose, likely bind to Gpr1 (although this has not been directly demonstrated), causing activation of Gpa2, which activates adenylcyclase to produce cAMP (Kraakman et al. 1999; Lemaire et al. 2004; Peeters et al. 2006 ) and Plc1, a phospholipase C-type g that cleaves PI 4,5 P 2 to create diacylglycerol and inositol-(1,4,5)-trisphosphate (IP 3 ) (Ansari et al. 1999; Tisi et al. 2002) . It is IP 3 that is required for Ca 2+ influx, which occurs through two different influx pathways: Mid1/Cch1 and GIC (discussed earlier) (Tisi et al. 2004) . The mechanism by which IP 3 stimulates these influx pathways has not yet been determined; however, the Ca 2+ signal generated may regulate Pma1 (Tropia et al. 2006; Bouillet et al. 2012) and is sufficient to activate calcineurin/Crz1 signaling, suggesting a role for this pathway, which up-regulates the expression of several genes encoding carbohydrate-metabolizing enzymes, in the glucose response (Ruiz et al. 2008; Groppi et al. 2011 ).
Regulation of cell cycle and morphogenesis: An early approach to studying the role of Ca 2+ in yeast was the identification of Ca 2+ -sensitive mutants in which V-ATPase activity was compromised and a budding-defective mutant, cls4, which is an allele of Cdc24, the essential guanine nucleotide exchange factor for Cdc42, a GTPase that is critical for yeast cell polarity and budding (Ohya et al. 1986a,b; Howell and Lew 2012) . The mechanism by which Ca 2+ prevents budding in cls4 cells is still not understood; however, recent work identified additional Ca 2+ -sensitive mutants and showed multiple effects of this ion on the morphology of both mutant and wild-type yeast cells (Ohnuki et al. 2007 ). This suggests that our knowledge of Ca 2+ -dependent pathways regulating morphogenesis is quite deficient, perhaps due to regulatory redundancy. For example, study of zds1 mutants, which lack a regulatory subunit of the PP2A phosphatase (Rossio and Yoshida 2011), uncovered Ca 2+ and calcineurin-dependent regulation of the morphogenesis checkpoint, which controls entry into mitosis (Miyakawa and Mizunuma 2007; Howell and Lew 2012) .
Mg 2+ ion homeostasis and regulation
Magnesium is abundant in the environment, serves as an essential cofactor for many cellular enzymes, and is required for cell growth and proliferation (Wolf and Trapani 2008) . Yeast cells actively accumulate this ion and regulate its concentration in the cytoplasm and intracellular organelles. Although Mg 2+ is stored in the vacuole and mitochondria, when grown under Mg 2+ -deficient conditions, yeast cells eventually stop dividing when the cellular Mg 2+ content drops below 15 nmol/10 6 cells (Beeler et al. 1997; Pisat et al. 2009 ). Four yeast proteins that contribute to Mg 2+ homoeostasis belong to the CorA or MIT (metal ion transporter) superfamily of Mg 2+ transporters that are found in prokaryotes and eukaryotes and function as oligomers (Maguire 2006 ). Mrs2, a member of one subfamily, is responsible for Mg 2+ uptake into mitochondria (Schindl et al. 2007) , and Alr1 and Alr2, closely related proteins that belong to a distinct branch of CorA-related proteins, mediate Mg 2+ uptake across the plasma membrane. Alr1-deficient cells display reduced Mg 2+ content and a growth defect that can be suppressed by high extracellular Mg 2+ or overexpression of Alr2, which is normally present at low levels (Lim et al. 2011) . A third member of the MIT superfamily, Mnr2, localizes to the vacuolar membrane and is proposed to function in utilization of Mg 2+ stores. The vacuole accumulates Mg 2+ , and this is thought to occur via a yet-to-be-identified Mg 2+ /H + exchanger (Borrelly et al. 2001 (Pisat et al. 2009 ). Thus, Mg 2+ -limitation results in utilization of intracellular Mg 2+ stores, as well as stimulation of Mg 2+ uptake through Alr1, whose activity may be directly regulated by this ion (Lim et al. 2011) .
Biological Roles of Transition Metal Ions
Eukaryotic cells contain hundreds of proteins that are functionally dependent on bound transition metal cofactors. These metalloproteins perform critical functions in virtually every cellular process. Proteins lacking their metal cofactors are typically inactive; therefore, metal ions constitute essential nutrients for all organisms. The exact number of metalloproteins in the yeast proteome is not known, as the presence of metal centers in known proteins continues to be discovered (Cvetkovic et al. 2010 ). An estimate of the prevalence of metalloproteins can be obtained by examining the metal content of enzymes for which three-dimensional structures have been solved. Using this approach, 9% of proteins contain zinc, 8% contain iron, 6% contain manganese, and 1% contains copper (Andreini et al. 2008) . While the presence of a metal ion in a crystal structure strongly suggests that a metal ion is present in the protein in vivo, the identity of the metal ion in the solved structure may not correspond to that of the metal ion present in the endogenous protein. Bioinformatic approaches based on the number of known metal binding domains identified in sequenced genomes have also been used to estimate the prevalence of metalloproteins. This approach indicates that zinc metalloproteins are the most abundant and comprise 10% of the yeast proteome (Andreini et al. 2009 ). Iron proteins containing mononuclear and diiron centers, iron-sulfur clusters, and heme cofactors are also predicted to be very abundant, comprising 2% of the yeast proteome. Copper and manganese are considered trace nutrients, with cells containing many fewer copper and manganese metalloproteins and far lower levels of these elements. Nickel, cobalt, molybdenum, and cadmium are present in trace amounts in yeast but are not known to be incorporated into metalloenzymes and are not considered nutrient metals (Bleackley and Macgillivray 2011; Zhang and Gladyshev 2011) . The abundance of transition metals and other ions in yeast cells grown in rich medium has been measured and roughly parallels the estimates of metalloprotein abundance (Figure 4) .
This reliance on metal ions exacts a toll on cells. Iron, manganese, and copper are redox-active metals that occupy multiple valence states in biological systems. This propensity to readily pick up or lose electrons renders these metals extremely useful in enzymatic reactions involving the transfer of electrons; however, the presence of reduced iron or copper in cells that also contain oxygen can lead to the formation of reactive oxygen species and consequent oxidative damage to cellular components. Metals can also cause toxicity by binding to noncognate sites in metalloproteins (Waldron et al. 2009 ). This binding of the "wrong" metal ion can preclude the binding of the correct metal ion and typically inactivates metalloenzymes. For these reasons, cellular systems involved in the uptake and utilization of metal ions are precisely regulated according to the availability of and the cellular requirement for the ion.
Uptake systems for individual metals are homeostatically regulated in S. cerevisiae, with expression of uptake systems at high levels during periods of metal scarcity and at low levels when metals are abundant (reviewed in Philpott and Protchenko 2008; Eide 2009; Reddi et al. 2009a; Nevitt et al. 2012) . Yeast cells are also capable of adjusting metal uptake to accommodate different metabolic states. For example, respiratory growth is accompanied by expansion of mitochondria rich in respiratory complexes that contain numerous iron and copper cofactors (Stevens 1977) . Respiratory growth is also accompanied by increases in iron and copper uptake and expansion of intracellular pools of these metals. Conversely, anaerobic growth is associated with down-regulation of oxygen-requiring processes and is associated with large reductions in iron uptake (Hassett et al. 1998a ).
Here we will discuss the major nutrient metals: iron, zinc, copper, and manganese. For each metal we first discuss the regulation of systems involved in uptake, utilization, and detoxification, and then the functions of the protein components of these systems and the metabolic adaptations associated with scarcity or excess of metals.
Iron

Transcriptional control through Aft1 and Aft2
Iron homeostasis is largely achieved through the transcriptional regulation of genes involved in iron uptake. These genes are controlled by the major iron-dependent transcriptional activator, Aft1 (Yamaguchi-Iwai et al. 1995 Shakoury-Elizeh et al. 2004) , and, to a lesser extent, by its paralog, Aft2 (Blaiseau et al. 2001; Rutherford et al. 2001 Rutherford et al. , 2003 Courel et al. 2005) , which bind DNA through a consensus upstream activation sequence (PyPuCACCC). Aft1 is constitutively expressed and shuttles in and out of the nucleus (Yamaguchi-Iwai et al. 2002) . When cytosolic iron levels fall, Aft1 accumulates in the nucleus, where it binds DNA and activates transcription. Elevated intracellular iron levels trigger the nuclear export and inactivation of Aft1, a process that requires several proteins involved in the assembly and transport of iron-sulfur clusters (ISCs) (Chen et al. 2004; Rutherford et al. 2005) .
ISCs are inorganic cofactors of iron and sulfide, frequently in the form of a simple 2Fe-2S cluster or a cubane 4Fe-4S cluster, which are directly coordinated by cysteine or histidine residues in recipient proteins (reviewed in Lill and Muhlenhoff 2008) . In yeast, ISCs are assembled in the mitochondrial matrix and in the cytosol. Cells lacking Yfh1 (a mitochondrial iron carrier and component of the ISC assembly machinery) (Chen et al. 2004) , Grx5 (the mitochondrial monothiol glutaredoxin) (Belli et al. 2004) , or glutathione (Rutherford et al. 2005 ) exhibit impaired mitochondrial ISC assembly as well as defects in iron-mediated inactivation of Aft1. An as yet undefined product of the mitochondrial ISC machinery is exported to the cytosol, where it interacts with proteins of the cytosolic ISC assembly machinery to deliver ISCs to target enzymes of the cytosol and nucleus (Kispal et al. 1999; Lange et al. 2000; Li et al. 2001a) . Most of the cytosolic ISC machinery is not required for the inactivation of Aft1, however. Instead, a complex consisting of monothiol glutaredoxins, Grx3 or Grx4, a BolAlike protein, Fra2, and a third protein, Fra1, is required for iron sensing through Aft1 (Ojeda et al. 2006; Pujol-Carrion et al. 2006; Kumanovics et al. 2008; ).
While the exact mechanism of iron-induced inactivation of Aft1 is not yet clear, several observations, considered together, suggest a possible model. Grx3/4, Fra2, and Fra1 can be isolated in a complex with Aft1 in vivo. Grx3 and Fra2 form a heterodimer that, along with glutathione, contains a bridging 2Fe-2S cluster in vitro. Aft1 undergoes an iron-induced dimerization when it is inactivated, and Aft1 contains a conserved Cys-Xaa-Cys motif that is required for both iron-dependent inactivation and dimerization (Ueta et al. 2007 ). Together, these observations suggest a model in which the 2Fe-2S cluster bound to a Grx3/4-Fra2 heterodimer could be transferred to the Cys-Xaa-Cys motifs in Aft1 to promote the formation of a transcriptionally inactive Aft1 homodimer. Thus, ISC-bound Grx3/4-Fra2 heterodimers may constitute the iron signal that leads to Aft1 inactivation.
Remarkably, only Saccharomyces and related species of yeast rely on Aft1-like transcription factors to control iron homeostasis. Other fungal species, such as Schizosaccharomyces pombe, Candida albicans, and Aspergillus spp. rely on iron-regulated transcriptional repressors of the GATA and CCAAT-box binding families (Labbe et al. 2007; Schrettl and Haas 2011) . The evolutionary forces that led to this diversity of iron regulators are not clear; however, the monothiol glutaredoxins also appear to have a conserved role as iron sensors in S. pombe (Jbel et al. 2011) .
The Aft1/Aft2 regulon Aft1 and Aft2 activate the transcription of a set of genes involved in the uptake of iron from the environment, the mobilization of iron from sites of intracellular storage, and the adaptation to an iron-limited metabolism (Philpott and Protchenko 2008) . Table 1 contains a list of the Aft1/2 target genes along with their function and cellular location (see also Figure 5 ). The majority of these genes are involved either directly or indirectly in the uptake of iron at the plasma Figure 4 Abundance of common elements in S. cerevisiae. Strain BY4741 was grown in rich (YPD) medium and ionic content was measured using inductively coupled plasma-atomic emission spectroscopy.
(A) Data expressed as parts per million (ppm). (B) Abundance of metals, with data expressed as parts per billion (ppb). Data from Eide et al. (2005).
membrane. Most of the iron in the aerobic extracellular milieu is present as poorly soluble ferric oxyhydroxides. To solve this bioavailability problem, unicellular organisms enhance the solubility of iron through (1) acidification of the environment, (2) reduction of ferric iron to the more soluble ferrous form, and (3) secretion of soluble iron-chelating molecules. S. cerevisiae relies on all three strategies to varying extents. Many unicellular organisms and some plants synthesize and secrete siderophores, which are a heterogeneous group of organic compounds that bind ferric iron with extremely high affinity and specificity. These compounds are secreted in their iron-free form to the extracellular environment, where they bind and solublize ferric iron. The iron-siderophore complexes can then be taken up by specific transport systems. While S. cerevisiae does not synthesize or secrete siderophores, it can take up and utilize the iron bound to siderophores secreted by a variety of other species.
Before any iron compound can be taken up by a yeast cell, the iron must first traverse the cell wall. The yeast cell wall is a dynamic structure and contains a layer of mannoproteins covalently attached to a latticework of glucans and chitin. The most highly expressed genes of the Aft1 regulon are three cell wall mannoproteins, Fit1, Fit2, and Fit3 (Protchenko et al. 2001) . These proteins enhance the retention of siderophore in the cell wall and increase the uptake of siderophore-iron at the cell surface, although the precise mechanisms by which these proteins function is not known.
Reductive uptake of iron at the cell surface
Aft1 controls the expression of two genetically separate systems of iron uptake, one that requires the external reduction of ferric iron to ferrous before uptake (the reductive system) and one that takes up intact ferric-siderophore chelates (the nonreductive system). Reductive uptake of iron is a two-step process in which ferric salts and ferric chelates are first reduced to the ferrous form by members of the FRE family of metalloreductases, then the ferrous ion is transferred to the cytosol by a high-affinity, ferrous-specific transport complex (reviewed in Philpott 2006) . FRE1 and FRE2 encode flavocytochromes that constitute the majority (.90%) of the cell surface reductase activity (Dancis et al. 1990 (Dancis et al. , 1992 Georgatsou and Alexandraki 1994; Lesuisse and Labbe 1994; Hassett and Kosman 1995; Georgatsou et al. 1997) . They are required for growth on media containing low concentrations of ferric salts and can catalyze the reduction of ferricsiderophore chelates (Yun et al. 2001) . Because siderophores have low affinity for ferrous iron, reduction of the ferric-siderophore chelate results in the release of ferrous iron, which can be taken up by ferrous-specific transporters. Additional family members (Fre3 and Fre4) have weak activity against ferric-siderophore chelates. Fre5 has been detected in purified mitochondria (Sickmann et al. 2003) , where its function is unknown, and Fre6 is expressed in the vacuole (see below) (Rees and Thiele 2007; Singh et al. 2007 ). The FRE reductases exhibit specificity for oxidized forms of both iron and copper and can enzymatically reduce a variety of nonmetallic compounds that act as one-electron acceptors (Lesuisse et al. 1987 ). Reduced iron is taken up via a high-affinity transport complex that consists of a copper-dependent ferrous oxidase (Fet3) (Askwith et al. 1994) and an iron permease (Ftr1) . Fet3 oxidizes ferrous iron to ferric before transferring the ferric iron directly to Ftr1 for transport across the plasma membrane (de Silva et al. 1995; de Silva et al. 1997; Hassett et al. 1998a,b) . Why the cell couples the oxidation of iron to its transport is not known, but the coupled process may permit the transport complex to distinguish between ferrous iron and other transition metals. Because Fet3 requires four copper ions for activity and because oxygen is a cosubstrate for the enzyme (Hassett et al. 1998b) , iron uptake through the Fet3-Ftr1 complex is both a copper-and oxygen-dependent process (Yuan et al. 1995) . Two genes activated by Aft1 under iron-deficient conditions are dedicated to the post-translational delivery of copper to Fet3. CCC2 encodes a P-type ATPase that transports copper ions from the cytosol to the lumen of post-Golgi vesicles (Yuan et al. 1995) , where the copper is inserted into Fet3 (Dancis et al. 1994b ). ATX1 encodes a copper chaperone that binds cytosolic copper and delivers it to the Ccc2 transporter .
When iron is abundant, Aft1 is inactive, the high-affinity uptake systems are not expressed, and yeast rely on broad specificity metal transporters for iron uptake. Yeast express three members of the Nramp family of divalent metal transporters, Smf1, Smf2, and Smf3 (Portnoy et al. 2000) . Smf1 and Smf2 are primarily manganese transporters, but they can efficiently transport ferrous iron, as well, and cells overexpressing Smf1 accumulate higher levels of intracellular iron (Cohen et al. 2000) . Fet3 cannot function under anaerobic conditions and cells grown in reduced oxygen induce the expression of a low-affinity, low-specificity ferrous iron transporter, Fet4 (Dix et al. 1994; Hassett et al. 1998a; Jensen and Culotta 2002) . Fet4 also exhibits transport activity for zinc, copper, and cadmium (Hassett et al. 2000; Portnoy et al. 2001; Waters and Eide 2002) , but may be the primary system for iron uptake in hypoxic environments.
Nonreductive uptake of siderophore-iron chelates Even though S. cerevisiae does not synthesize or secrete siderophores, this yeast expresses four siderophore-iron transporters of the ARN/SIT family that specifically take up siderophore-iron chelates produced by other species of fungi and bacteria (Lesuisse et al. 1998; Heymann et al. 1999 Heymann et al. , 2000 Yun et al. 2000a,b) . These transporters are members of the major facilitator superfamily, have 14 predicted membrane-spanning domains, and are thought to be energized by proton symport. Each transporter exhibits specificity for a subset of fungal or bacterial siderophores ( Table 2) . Two of these transporters, Arn1 and Arn3/Sit1, are regulated post-translationally through their trafficking through the late secretory pathway.
Under conditions of iron deficiency, Aft1 directs the transcription of the ARN/SIT family of siderophore transporters and after translation the proteins proceed through the secretory pathway to the trans-Golgi network (TGN). When siderophore substrates for Arn1 and Arn3 are not available outside the cell, the transporters at the TGN are sorted into vesicles destined for degradation in the vacuolar lumen, bypassing the plasma membrane (Kim et al. 2002; Froissard et al. 2007 ). This sorting process requires recognition by clathrin adaptor proteins at the TGN, followed by ubiquitination and sorting into luminal vesicles of the multivesicular body, which are then degraded in the lumen of the vacuole (Kim et al. 2007; Erpapazoglou et al. 2008; Deng et al. 2009 ). When siderophore substrates for Arn1 or Arn3 are present outside the cell, even in very low concentrations, the substrates entering the endosome through fluid phase endocytosis bind to a receptor domain on the transporter, which redirects the transporter into vesicles destined for the plasma membrane (Moore et al. 2003; Kim et al. 2005; Froissard et al. 2007; Erpapazoglou et al. 2008; Deng et al. 2009 ). Thus the Arn1 and Arn3 transporters are not expressed on the surface of yeast unless the cells are both iron deficient and the specific siderophore substrates are available for uptake.
Mobilization of vacuolar iron stores
When yeast are grown in media containing adequate amounts of iron, iron transported into the cytosol that is not immediately required for metabolic purposes is stored in the vacuole. CCC1 encodes an iron and manganese transporter that localizes to the vacuolar membrane and is required for the transfer of iron from the cytosol to the vacuole (Lapinskas et al. 1996; Chen and Kaplan 2000; Li et al. 2001b) . CCC1 is actively transcribed under conditions of iron excess by the transcription factor Yap5 . Cells lacking Ccc1 are sensitive to the toxic effects of iron. When cells are grown in iron-poor medium, Ccc1 expression is turned off and Aft1 and Aft2 direct the transcription of a set of genes that effect the transfer of vacuolar iron back to the cytosol. These genes largely duplicate on the vacuolar membrane the reductive iron uptake system of the plasma membrane. Fre6, a paralog of the plasma membrane ferric and cupric reductases (Martins et al. 1998) , is expressed exclusively on the vacuolar membrane where it is required for the reduction of vacuolar iron and copper (Rees and Thiele 2007; Singh et al. 2007) . Reduced vacuolar iron is transported into the cytosol via the Fet5/Fth1 oxidase/permease complex that is homologous to the plasma membrane Fet3/Ftr1 complex (Spizzo et al. 1997; Urbanowski and Piper 1999) . Smf3 is a vacuolar iron transporter of the Nramp family that is transcriptionally activated by Aft2 in response to iron deficiency (Portnoy et al. 2002; Courel et al. 2005) . Both of these ferrousspecific transporters contribute to the mobilization of stored iron when cells are iron deficient.
Other transporters
Iron-deficient yeast activate the expression of a low-specificity transporter, Cot1, that mediates vacuolar accumulation of zinc and cobalt (Conklin et al. 1992; MaDiarmid et al. 2000; Shakoury-Elizeh et al. 2004) . Because iron-deficient cells are sensitive to the toxic effects of other metals, activation of this transporter suggests that the sequestration of other metals in the vacuole is an adaptive response during iron deficiency (Li and Kaplan 1998) . Iron-deficient cells also activate the expression of Fre5, a metalloreductase localized to mitochondrial membranes (Sickmann et al. 2003) , and Mrs4, a protein of the mitochondrial carrier family that, along with Mrs3, is involved in the uptake of ferrous iron (and possibly copper) across the mitochondrial inner membrane (Foury and Roganti 2002; Muhlenhoff et al. 2003b; Froschauer et al. 2009 ). As the mitochondrial intermembrane space is a relatively oxidizing environment, Fre5 may serve to supply Mrs3 and Mrs4 with reduced iron for uptake. Iron deficiency also triggers the expression of Vht1, the high-affinity biotin transporter, and Bio5, a transporter of biotin biosynthetic intermediates (Phalip et al. 1999; Stolz et al. 1999; Belli et al. 2004; Shakoury-Elizeh et al. 2004) . Although yeast are formally auxotrophic for biotin, they express enzymes for the terminal three steps of the biosynthetic pathway and can synthesize biotin from intermediates. The ultimate step in biotin synthesis is catalyzed by Bio2, an Fe-S protein (Ugulava et al. 2001) , and the entire synthetic pathway is transcriptionally down-regulated during iron deficiency. This shift from biosynthesis to uptake of biotin during iron deficiency allows yeast to conserve iron, a pattern that is replicated in other Fe-S-and heme-dependent pathways.
Metabolic adaptation to iron deficiency
Budding yeast can survive in environments that contain very low or very high concentrations of iron. Survival in low iron environments involves metabolic adaptations that reduce the cell's dependence on iron-containing proteins. Metabolic adaptation to iron deficiency includes shifting from iron-dependent biosynthetic pathways to iron-independent pathways. As mentioned above, iron-deficient yeast shut down the iron-requiring biosynthetic pathway for biotin and upregulate uptake systems for biotin and biotin precursors. Another example of the shift to iron-independent pathways is glutamate synthesis. Yeast express two genetically separate systems for the synthesis of glutamate. One requires the glutamate dehydrogenases Gdh1 or Gdh3. The other requires glutamine synthetase, Gln1, and glutamate synthase, Glt1, an iron-sulfur cluster enzyme. GLT1 is transcriptionally shut off in iron-deficient yeast while GDH3 transcripts increase, thereby shifting glutamate synthesis to an iron-independent pathway (Shakoury-Elizeh et al. 2004) . Similarly, yeast alter carbon source utilization according to the availability of iron. Growth on nonfermentable carbon sources is accompanied by an expansion of mitochondria containing iron-rich respiratory complexes, and yeast cannot grow on media containing nonfermentable carbon sources that are also low in iron. Yeast grown on glucose media metabolize glucose largely through fermentation, with only a small amount of respiration. When yeast are shifted to iron-poor media, levels of transcripts involved in respiration fall and metabolite analysis indicates increased flux through the glycolytic pathway. These studies suggest that iron-deficient yeast shut down respiration, thereby allowing the cell to reuse the iron scavenged from respiratory complexes for other metabolic purposes (Shakoury-Elizeh et al. 2010) . These metabolic adaptations occur through multiple mechanisms. Some are transcriptional and depend on Aft1 and Aft2 or the heme-dependent activator Hap1 or Hap4. Some occur post-transcriptionally and depend on the mRNA-destabilizing proteins Cth1 and Cth2.
Under conditions of iron deficiency, Aft1 activates the transcription of HMX1, which encodes the yeast heme oxygenase (Protchenko and Philpott 2003) . Hmx1 degrades heme, releasing the heme iron for other metabolic uses. Growth in iron-poor medium is associated with large reductions in cellular heme levels. This loss of heme is due, in part, to the activity of Hmx1, in part to less iron availability for insertion into heme, and in part to lower expression levels of heme biosynthetic enzymes (Lesuisse et al. 2003) . In addition to its role as an enzyme cofactor, heme is also a regulatory molecule that is required for the activation of the transcription factor Hap1 (Guarante 1992; Kwast et al. 1998; Lee and Zhang 2009 ). Hap1 activates the transcription of many genes involved in respiration and aerobic growth. These genes are down-regulated in iron-deficient cells due, in part, to loss of heme-dependent activation of Hap1. Many proteins involved in the tricarboxylic acid cycle and respiration require heme and Fe-S cluster cofactors; thus, down-regulation of these pathways reduces expression of proteins that may ultimately lack required cofactors and allows the limited iron that may have been used in these pathways to be redirected to other pathways.
CTH2 and, to a lesser extent, CTH1 are Aft1 targets that are actively transcribed under iron deficiency and are involved in mediating the metabolic adaptation to iron deficiency (Puig et al. 2005 (Puig et al. , 2008 . Cth1 and Cth2 are mRNA-binding proteins that recognize and bind to AU-rich sequences in the 39-UTR of a number of transcripts that are down-regulated during iron deficiency. Binding of Cth1 or Cth2 to the AU-rich elements leads to destabilization and degradation of the transcripts. Many of the transcripts that are putative targets of Cth1 or Cth2 encode proteins that either contain iron cofactors or function in pathways with other iron-dependent enzymes. These pathways include cellular respiration, heme and Fe-S cluster biosynthesis, iron homeostasis, fatty acid and ergosterol metabolism, and amino acid metabolism. Strains lacking both Cth1 and Cth2 exhibit slow growth on iron-poor medium, indicating that the reduced expression of the set of Cth1 and Cth2 targets offers an adaptive advantage to irondeficient yeast. Although the amount of mRNA degradation that can be attributed to Cth1 or Cth2 is relatively small, usually twofold or less, the net effect represents a significant "iron savings" for the cell because of the relatively large number of genes targeted.
Cellular iron utilization
Cellular iron is used for the synthesis of heme and ISCs or it can be directly coordinated by enzymes in the form of mononuclear or diiron centers. In the cytosol, the monothiol glutaredoxins, Grx3 and Grx4, have roles in iron delivery that go beyond the regulation of Aft1 (Ojeda et al. 2006; Pujol-Carrion et al. 2006) . Grx3 can form a homodimer that coordinates a bridging 2Fe-2S cluster in vitro and Grx3/4 that is affinity purified from yeast also contains bound iron ). Yeast strains lacking Grx3 and Grx4 exhibit defects in heme and ISC synthesis as well as defects in the metallation and activity of ribonucleotide reductase, a cytosolic diiron enzyme . These observations suggest that Grx3/4 is involved in the delivery of iron to mitochondria, the cytosolic ISC assembly complex, and to at least one cytosolic diiron protein. Direct physical interactions between Grx3/4 and these iron recipients have not yet been demonstrated.
Iron is imported from the cytosol into the mitochondrial matrix for the synthesis of heme and Fe-S clusters. The mitochondrial carrier proteins Mrs3 and Mrs4 facilitate the transport of iron across the mitochondrial inner membrane, but additional pathways of mitochondrial iron import exist, as strains deleted for both MRS3 and MRS4 can maintain heme and Fe-S cluster synthesis when grown in iron-rich media (Foury and Roganti 2002; Muhlenhoff et al. 2003b) . The mitochondrial pyrimidine exchanger Rim2, also a member of the mitochondrial carrier family, was identified in a screen for mutations synthetically lethal with a mrs3Dmrs4D strain (Yoon et al. 2011) . Rim2 contributes to mitochondrial iron utilization, but appears not to directly facilitate the uptake of iron.
Heme biosynthesis is a highly conserved eight-step pathway with individual steps occurring in both the mitochondria and cytosol (reviewed in Labbe-Bois and Labbe 1989) . The initial step of heme synthesis occurs in the mitochondrial matrix where glycine and succinyl-coA condense to form d-aminolevulinic acid (ALA). ALA is exported to the cytosol, where the next five steps occur, then protoporphyrinogen IX moves from the cytosol to the mitochondria, where it is converted to protoporphyrin IX. The final step in heme synthesis is the insertion of iron into protoporphyrin IX, which is catalyzed by ferrocheletase and occurs in the mitochondrial matrix. Heme is then distributed to proteins located in the mitochondria, cytosol, and organelles throughout the cell. Proteins involved in the intracellular trafficking of heme have not been identified.
ISC assembly is a highly conserved process in both prokaryotes and eukaryotes (reviewed in Lill and Muhlenhoff 2008) . While protein complexes devoted to the assembly of ISCs are located in both the mitochondria and cytosol, products of mitochondrial ISC synthesis are required for cytosolic ISC assembly. The core ISC biosynthetic complex consists of the cysteine desulfurase Nfs1 (Kispal et al. 1999) , which supplies sulfide, an accessory protein Isd11 (Adam et al. 2006; Wiedemann et al. 2006) , the yeast frataxin homolog Yfh1, which supplies iron (Chen et al. 2002; Gerber et al. 2003; Muhlenhoff et al. 2003a; Ramazzotti et al. 2004 ) and allosterically activates Nfs1 (Tsai and Barondeau 2010) , and Isu1 or Isu2, which serves as a scaffold for assembly (Muhlenhoff et al. 2003a ). Additional components provide reducing equivalents, and protein chaperones, along with a monothiol glutaredoxin, facilitate the transfer of nascent ISCs to recipient proteins. Some product of the ISC assembly complex is exported to the cytosolic ISC assembly complex. This product has not been molecularly characterized, but it must include sulfide, as there is no alternative source of sulfide in the cytosol. The mitochondrial ABC transporter Atm1 was shown to be required for cytosolic ISC assembly, presumably by exporting a product of the mitochondrial ISC assembly complex (Kispal et al. 1999 ). However, a more recent study found that Atm1 was not involved in cytosolic Fe-S cluster assembly in yeast (Bedekovics et al. 2011) . A sulfhydryl oxidase, Erv1, located in the intermembrane space (Lange et al. 2001) , and mitochondrial glutathione are also required for export of the unknown product.
Assembly of ISCs in the cytosol requires a genetically and biochemically distinct set of proteins from that of the mitochondria (reviewed in Lill 2009). Cytosolic ISCs appear to be assembled in a two-step manner. The first step involves the transient assembly of a pair of bridging 4Fe-4S clusters on a scaffold composed of the P-loop NTPases Cfd1 and Nbp35 arranged in a heterotetramer (Roy et al. 2003; Hausmann et al. 2005; Netz et al. 2007 ). An electron transfer complex consisting of the flavoprotein Tah18 and the Fe-S protein Dre2 are also required for this early step of ISC assembly Netz et al. 2010) . Clusters are then transferred to a complex consisting of Nar1, similar to iron-only hydrogenases of bacteria, and Cia1, a WD40 repeat protein (Balk et al. 2004 . From this complex ISCs are then transferred to recipient proteins in the cytosol and nucleus.
Zinc
Based on the detection of known zinc-binding domains in the S. cerevisiae proteome, budding yeast are estimated to contain 476 different zinc proteins (Andreini et al. 2006) . Zinc can have a catalytic function, as in the active site of an enzyme, or a structural function, as in a zinc finger. The use of zinc as a catalytic cofactor is widespread. Of the zincdependent enzymes, more than half are hydrolases (Andreini and Bertini 2011) . Structural zinc-binding domains are very common in trancriptional regulators and represent approximately one-third of all zinc proteins in eukaryotes. By far, the most common structural zinc-binding domains are zinc fingers of the Cys4 or Cys2His2 type (Andreini et al. 2006) .
Transcriptional regulation through Zap1
Zinc homeostasis is largely achieved through transcriptional control of gene expression (Eide 2009 ). Zap1 is the zincsensing transcription factor that controls the response to zinc deficiency in yeast (Zhao and Eide 1997) . Under conditions of zinc deficiency, Zap1 activates the transcription of 80 genes, while also repressing the transcription of a small number (Lyons et al. 2000; Yuan 2000; Higgins et al. 2003; De Nicola et al. 2007; Wu et al. 2008) . Zap1 target genes are largely involved in zinc homeostasis and in the metabolic adaptation to zinc deficiency (Figure 6 ). In zinc-replete cells, Zap1 is inactivated. The protein contains both a DNA-binding domain and multiple transcriptional activation domains, all of which bind zinc ( Figure 6A ). The DNA binding domain is located in the carboxy-terminal third of the protein and consists of five zinc fingers of the C 2 H 2 type, each of which is required for full DNA binding activity (Bird et al. 2000a,b; Evans-Galea et al. 2003) . The high-affinity, structural zincbinding sites formed by the zinc finger motifs are occupied by zinc ions whether cells are zinc deficient or zinc replete. However, in zinc-replete cells, Zap1 does not bind DNA, which is likely due to a post-translational modification that interferes with DNA binding . In zincdeficient cells, Zap1 binds as a monomer to a palindromic consensus DNA sequence, ACCTTNAAGGT, known as a zincresponsive element (ZRE) (Zhao et al. 1998b) . Considerable variation from this sequence has been observed in functional Zap1 binding sites, but Zap1-regulated promoters typically contain one or a few recognizable ZREs. The ZAP1 gene itself contains a ZRE and is activated by Zap1, thereby increasing the amount of Zap1 protein during zinc deficiency. Some Zap1 targets are transcribed during mild zinc deficiency, while others are activated only when zinc deficiency becomes severe. ZREs with the highest binding affinity for Zap1 tend to appear in genes activated by mild iron deficiency, which suggests that Zap1 occupies lower-affinity sites only when the Zap1 levels rise, as they do in severe zinc deficiency. The autoactivation of ZAP1 is thus a mechanism by which cells can achieve a graded response to differing levels of zinc deficiency (Wu et al. 2008 ).
Zap1's two activation domains, known as AD1 and AD2, function independently in zinc sensing and activation (Bird et al. 2000b) . AD1 is part of a larger zinc-regulatory domain located in the amino-terminal half of the protein and it contains two clusters of potential zinc-binding residues at either end of the domain (Herbig et al. 2005) . Zinc binding in this domain has been demonstrated in vitro, and mutation of potential zinc-binding residues results in constitutive activity of AD1. Thus, AD1 likely senses zinc through direct binding of the metal, which results in loss of transcriptional activation.
AD2 of Zap1 consists of two C 2 H 2 -type zinc fingers located in the middle of the protein. Neither of these zinc fingers is involved in DNA binding, but together they can confer zinc-regulated transcriptional activation . The zinc-binding sites within AD2 are of lower affinity than those of most C 2 H 2 zinc fingers, as would be appropriate for a zinc sensor. In vitro studies indicate that zinc binding by the two zinc fingers promotes a stable interaction between the fingers (Wang et al. 2006) . Presumably this conformation of AD2 prevents the recruitment of transcriptional coactivators.
Most Zap1 target genes can be fully activated by a mutated Zap1 containing only AD1 . Although some genes respond to both AD1 and AD2, only a few genes require AD2 for full induction. AD2 appears to be more important for Zap1 activity when zinc deficiency is combined with other environmental stresses.
Transporters regulated by Zap1
The primary response to zinc deficiency is the Zap1-mediated expression of zinc transporters that serve to transfer zinc from the extracellular milieu and the vacuolar lumen to the cytosol. Zrt1 and Zrt2 are Zn-specific transporters of the ZIP family, a large, ancient family of zinc transporters with representatives in most species of prokaryotes and eukaryotes. Zrt1 provides essentially all of the high-affinity zinc uptake activity (Zhao and Eide 1996a) ; deletion of ZRT1 results in loss of high-affinity zinc uptake and slow growth in zinc-limited medium. Zrt2 exhibits a moderate degree of sequence identity (44%) with Zrt1 and functions as a low-affinity zinc transporter (Zhao and Eide 1996b) . Strains deleted for both ZRT1 and ZRT2 can grow on media containing moderately reduced levels of zinc, indicating the presence of additional low-affinity zinc-uptake systems. Fet4 is a low-affinity, broad-specificity metal transporter, the expression of which is induced by Zap1 under zinc-limiting conditions (Waters and Eide 2002) . Expression of Fet4 in a zrt1Dzrt2D strain was associated with improved growth in low zinc medium. Yeast grown in a very zinc-restricted environment depend on Zrt1 for uptake, while Zrt2 and Fet4 provide uptake activity when zinc levels are normal or mildly reduced.
Surprisingly, Zrt2 is repressed by Zap1 under conditions of severe zinc deficiency (Bird et al. 2004 ). This repression is mediated through a lower-affinity ZRE located upstream of ZRT2. Transcriptional activation of ZRT2 is mediated by Zap1 binding to high-affinity ZREs located upstream of the TATA box. Severe zinc deficiency increases the levels of Zap1 through autoactivation at the ZAP1 promoter. In the setting of these higher levels, Zap1 also binds to a lower affinity ZRE located near the transcription start site of ZRT2, thereby inhibiting transcription. Thus, under conditions where zinc levels are too low for Zrt2 to function, expression is repressed.
As is the case with iron, yeast grown in zinc-replete meda store excess zinc in the vacuole, both to prevent toxicity and to meet metabolic need during zinc deficiency. Zinc storage is mediated by two unrelated transporters located on the vacuolar membrane, Cot1 and Zrc1 (Kamizono et al. 1989; MacDiarmid et al. 2000) . Under conditions of zinc deficiency, vacuolar zinc stores are mobilized through the activity of Zrt3, a third yeast member of the ZIP family of transporters that is expressed on vacuolar membranes. Strains deleted for ZRT3 exhibit high levels of intracelluar zinc, which is not effectively mobilized for use during zinc deficiency (MacDiarmid et al. 2000) .
Although Zrc1 is involved in zinc storage when yeast are grown in zinc-replete media, somewhat counterintuitively, this transporter is also induced by Zap1 during zinc deficiency. An explanation for this expression pattern came from studies examining the response of zinc-deficient yeast to a sudden increase in extracellular zinc (MacDiarmid et al. 2003) . Because zinc-deficient yeast express uptake systems at high levels, acute exposure of these yeast to high concentrations of zinc results in a sudden influx of zinc to the cytosol. The presence of Zrc1 on the vacuole exerts a protective effect for the yeast exposed to this influx of zinc, as zinc-deficient strains lacking ZRC1 exhibited increased sensitivity to zinc.
Eukaryotic cells have a requirement for zinc within the lumen of the ER. This requirement is due to the presence of several zinc metalloenzymes (metalloproteases, protein chaperones, and a transferase of glycosylphosphatidylinositol anchor synthesis) in the lumen of the ER (Ellis et al. 2004 (Ellis et al. , 2005 . Zinc is transferred from the cytosol to the ER lumen by the activity of a heterodimeric transporter composed of Msc2 and Zrg17, both of which are members of the cation diffusion facilitator family of efflux pumps. Although both peptide components of this pump are required for zinc transport, only one, Zrg17, is zinc-regulated directly through Zap1 (Wu et al. 2011 ).
Adaptation to zinc deficiency
Zap1 also controls the expression of several genes involved in the adaptation to zinc deficiency. One of the most highly zinc-regulated genes is ADH1 (Lyons et al. 2000) , which encodes a very abundant, zinc-binding alcohol dehydrogenase (Leskovac et al. 2002) . Adh1 is repressed by Zap1 in zinc-limited cells. This repression is mediated by the Zap1-dependent transcription of a noncoding RNA, termed ZRR1, from a site just upstream of the ADH1 promoter (Bird et al. 2006) . Transcription of ZRR1 leads to the displacement of Rap1, the transcriptional activator for ADH1, from the promoter, thus inhibiting ADH1 transcription. A mitochondrially targeted paralog of Adh1, Adh3, is regulated in a similar manner. Zinc deficiency also induces the Zap1-mediated transcription of ADH4, which encodes another zinc-dependent alcohol dehydrogenase (Drewke and Ciriacy 1988) . The adaptive advantage of the shift from Adh1 and Adh3 to Adh4 during zinc limitation is not entirely clear, but likely involves the overall conservation of zinc. Structural studies of Adh1 indicate that it binds two zinc ions per monomer. Adh4 is closely related to the iron-dependent alcohol dehydrogenase of Zymomonas mobilis, which binds a single metal ion per monomer (Neale et al. 1986 ).
Zinc deficiency is accompanied by significant changes in the lipid composition of the cell, namely a large increase in phophatidylinositol (PI) and a large decrease in phosphatidylethanolamine (Iwanyshyn et al. 2004) . The major phospholipids of the cell are primarily synthesized in a stepwise manner from the precursor cytodine diphosphate (CDP)-diacylglycerol (Henry et al. 2012) . A secondary pathway, termed the Kennedy pathway, can also supply phospholipids from the precursors ethanolamine and choline. Under zinc limitation, Zap1 increases the transcription of PIS1, the PI synthase, PAH1, the phosphatidate (PA) phosphatase, and EKI1 and CKI1, two genes of the Kennedy pathway. Increased PI synthase leads to greater synthesis of PI, and increased PA phosphatase leads to depletion of PA levels (Soto-Cardalda et al. 2012) . Reduced PA triggers the release of the transcriptional repressor Opi1, which results in downregulation of multiple genes of the CDP-diacylglycerol pathway. Thus zinc deficiency leads to a shift in phospholipid synthesis to the secondary Kennedy pathway and to a major change in the phospholipid composition of the cell. The adaptive value of these changes is not known, but one could speculate that the activity or trafficking of the zinc transporters could be affected. Alternatively, reliance on the Kennedy pathway would reduce the requirement for S-adenosyl methionine (possibly limiting in zinc deficiency, see below), which is consumed in the synthesis of phospholipids via the CDPdiacylglycerol pathway.
Zinc deficiency in yeast is also associated with a decrease in sulfate assimilation and reduced levels of free intracellular cysteine and methionine, which can again be traced to transcriptional events under the control of Zap1 (Wu et al. 2009) . Diminished sulfate assimilation is due to transcriptional repression of MET3, MET14, and MET16, the three genes required for the stepwise reduction of intracellular sulfate to sulfite, which is used in the synthesis of sulfurcontaining amino acids. These genes are under the control of Met4, a transcriptional activator that is, in turn, posttranslationally regulated through ubiquitin-mediated degradation (Rouillon et al. 2000; Smothers et al. 2000) . Met30, an F-box protein and component of the SCF(Met30) ubiquitin ligase complex, targets Met4 for degradation. In zincdeficient cells, Zap1 activates the transcription of MET30, which leads to the degradation of Met4 and reduced expression of genes of sulfate assimilation. Permeases for the uptake of S-adenosyl methionine (Sam3) and cysteine and methionine (Mup1) are also transcriptionally activated by Zap1. Although the reduced availability of cysteine and methionine that results from these regulatory changes would appear to be maladaptive, this regulatory pattern partially protects cells from the oxidative stress associated with zinc deficiency. The source of the increased oxidative stress that occurs with zinc deficiency is not known, but cells grown in zinc-limited medium exhibit increased sensitivity to exogenous H 2 O 2 and produce increased amounts of reactive oxygen species (Wu et al. 2007 (Wu et al. , 2009 ). The relationship between zinc deficiency, sulfate assimilation, and oxidative stress may be traced to intracellular pools of NADPH. Sulfate assimilation involves the consumption of relatively large amounts of reducing equivalents in the form of NADPH. Zinc deficiency triggers the Zap1-mediated transcription of TSA1, which encodes the major peroxiredoxin of yeast and protects cells against oxidative damage. The down-regulation of sulfate assimilation in zinc deficiency would make more NADPH available for the regeneration of reduced peroxiredoxin and glutathione in the setting of oxidative stress (Eide 2009 ).
Copper
Transcriptional regulation through Mac1 and Ace1
Although copper ions and copper proteins are present in yeast cells at far lower levels than iron or zinc, copper proteins play a role in multiple critical cellular processes. Similar to iron, copper ions can occupy multiple valence states in cells and can thus participate in redox reactions that generate toxic reactive oxygen species. Similar to zinc, copper ions have an affinity for thiolate ligands and can thus compete with zinc or iron-sulfur clusters for cysteine-rich metal binding sites. Yeast cells therefore tightly regulate copper uptake and utilization. This regulation is largely accomplished at the level of transcription by a pair of reciprocally regulated, copper-sensing transcriptional activators, Mac1 and Ace1 (also called Cup2) (Figure 7 ).
Mac1 is a constitutively expressed transcriptional activator that is stably localized to the nucleus in both copperdeficient and copper-replete cells (Jungmann et al. 1993; Graden and Winge 1997; Serpe et al. 1999; Keller et al. 2005) . Under conditions of copper deficiency, Mac1 binds to the consensus sequence TTTGC(T/ G)C(A/G) located in the promoters of the Mac1-regulated genes (Labbe et al. 1997; Yamaguchi-Iwai et al. 1997) . These promoter elements are present in multiple copies as either direct or inverted repeats, and Mac1 binds as a dimer to these cis-acting elements . When intracellular copper levels rise, Mac1 becomes transcriptionally inactive and dissociates from promoter elements. Structurally, Mac1 contains an amino-terminal DNA binding domain and a carboxy-terminal activation domain that also contains two cysteine-rich, copper-binding motifs Brown et al. 2002) . These two motifs can bind up to eight copper ions as a copper-thiolate cluster and are thought to function as direct copper sensors. In the presence of copper, Mac1 inactivation is accomplished through an intramolecular interaction between the amino-terminal DNA binding domain and the first of the two cysteine-rich motifs, which results in the loss of both DNA binding and transactivation (Graden and Winge 1997; Labbe et al. 1997; . Copper binding in the second cysteine-rich motif also plays a role in the loss of transactivation (Keller et al. 2005) . Mac1 is phosphorylated in vivo and treatment with phosphatase disrupts DNA binding in vitro (Heredia et al. 2001) . The copper-dependent regulation of Mac1 suggests that cells contain a nuclear pool of copper that can bind to and inactivate Mac1. The molecular form of this copper pool and whether it is coordinated by a copper-binding metallochaperone is not known.
Yeast are protected from the toxic effects of excess copper through the activity of Ace1 (Thiele 1988) . When cells are exposed to excess copper, this transcription factor activates a group of genes involved in the detoxification of copper. Ace1 is also thought to be a direct sensor of nuclear copper levels and has some structural features similar to those of Mac1. Ace1 contains an amino-terminal DNA-binding domain that is also the site of regulatory copper binding (Buchman et al. 1989; Huibregtse et al. 1989; Szczypka and Thiele 1989) . Both Mac1 and Ace1 contain a single zinc-binding domain that is involved in DNA minor groove interactions (Thorvaldsen et al. 1994; Farrell et al. 1996) . Ace1 contains four pairs of cysteine residues that bind four atoms of copper in a polycopper cluster that is structurally similar to those of Mac1 (Dameron et al. 1991; Graden et al. 1996; Brown et al. 2002) . Copper-binding by Ace1 induces a conformational change in the protein that allows it to bind to and activate transcription at specific copper regulatory sites with the sequence TTX 2 GCTG (Huibregtse et al. 1989; Evans et al. 1990; Pachkov et al. 2007 ). Ace1 binds DNA as a monomer and is present in the nucleus at both high and low copper levels. Affinity measurements for the copper binding domains of both Ace1 and Mac1 indicate that Mac1 has a higher affinity for copper (K d = 9.7 · 10 220 ) than does Ace1 (K d = 4.7 · 10 218 ). These extremely high binding affinities would indicate that the copper binding sites of both sensors are fully occupied at concentrations equating to less than a single free copper ion in the cell. However, these measurements are obtained under equilibrium conditions in which the metal fully dissociates from the protein and is fully hydrated in aqueous solution. In living cells, metal ions are surrounded by metal buffers, consisting of small molecules and proteins that constitute labile ligands. In this situation, metal exhange between ligands of the buffer and ligands of the sensors is likely to occur with much more labile kinetics. These measured affinities should be regarded as reference values, which suggest that, as intracellular copper levels rise, Mac1 is inactivated by copper binding at concentrations below those that activate Ace1 by copper binding (Wegner et al. 2011 ) and well below one fully hydrated ("free") copper ion per cell.
Copper transport systems
Similar to iron, extracellular copper is largely present in the oxidized state, Cu(II), and must undergo reduction to Cu(I) before uptake. Under conditions of copper scarcity, Mac1 activates the transcription of two members of the FRE family of metalloreductases, FRE1 and FRE7 (Yamaguchi-Iwai et al. 1997; Martins et al. 1998; Georgatsou and Alexandraki 1999) . Fre1 catalyzes the majority of Cu(II) reduction at the plasma membrane while Fre2 catalyzes a lesser amount (Dancis et al. 1992; Georgatsou and Alexandraki 1994; Georgatsou et al. 1997) . Overexpression studies of Fre7 suggest it also functions as a metalloreductase on the plasma membrane (Rees and Thiele 2007) . Mac1 also activates the transcription of three high-affinity copper transporters. Two of these, Ctr1 and Ctr3, are expressed on the plasma membrane and mediate the uptake of reduced copper (Dancis et al. 1994a,b; Knight et al. 1996) . A third Ctr paralog, Ctr2, is expressed on the vacuolar membrane and, along with Fre6, mediates the reduction and transfer of copper from the lumen of the vacuole to the cytosol (Portnoy et al. 2001; Rees and Thiele 2007) . Ctr-type transporters contain extramembranous copper-binding domains at both the amino and carboxy termini. They also contain three central membrane-spanning domains, with copper-binding motifs in the second transmembrane domain (Puig et al. 2002; Xiao et al. 2004) . Structural studies of human Ctr1 indicate that the functional unit is a trimer, with an externally oriented amino terminus and an internally oriented carboxy terminus that cap a central, funnel-shaped pore (Aller and Unger 2006; De Feo et al. 2009 ). Ctr1 has been proposed to function by a series of sequential copper exchange reactions between the copper-binding sites that are coupled to sequential changes in the conformation of the transporter. In copper-replete media, high-affinity copper transport is shut off, Ctr1 is degraded (Ooi et al. 1996) , and copper uptake is mediated by low-affinity, broad-specificity transporters, such as Fet4 and Smf1 (Cohen et al. 2000; Portnoy et al. 2001) . Mac1 also activates the transcription of IRC7, a beta-lyase involved in the production of thiols (Roncoroni et al. 2011) . Its role in the response to copper deficiency is not yet clear.
Intracellular copper is present at exceedingly low concentrations (Rae et al. 1999) , and yeast rely on cytosolic copper-binding proteins called copper chaperones for the transfer of copper from import proteins (such as Ctr1) to enzymes (such as Cu,Zn superoxide dismutase, Sod1, and the copper exporter, Ccc1). It is unclear whether copper chaperones pick up their metal ligands directly or indirectly from copper transporters, although rapid exchange of copper ligands between copper-binding domains of transporters and chaperones has been demonstrated in vitro (Xiao et al. 2004) . Copper chaperones deliver copper to target enzymes via a metal-enhanced, protein-protein interaction that facilitates a ligand exchange reaction for the copper ion. Ccs1 is the chaperone for Sod1 and Atx1 is required for the delivery of copper to Ccc2 Pufahl et al. 1997) . Ccc2 is a P-type ATPase that couples the hydrolysis of ATP to the transport of Cu(I) from the cytosol to the lumen of post-Golgi vesicles (Yuan et al. 1995) . Luminal copper binds to and activates the multicopper oxidase Fet3 (Askwith et al. 1994) , which is required for high-affinity iron uptake. Thus, iron uptake is a copperdependent process in yeast.
Copper detoxification and utilization
When extracellular copper concentrations rise, yeast are protected from the influx of copper to the cytosol by the expression of copper-binding proteins called metallothioneins. Ace1 directs the transcription of two metallothionein genes, CUP1 (often present in multiple copies) and CRS5, which encode cysteine-rich proteins that bind and detoxify cytosolic copper (Butt et al. 1984; Winge et al. 1985; Culotta et al. 1994) . Ace1 also activates the transcription of Sod1 under conditions of copper excess (Gralla et al. 1991) . Sod1 is expressed at basal levels in copper-deficient cells. Increased expression under conditions of copper excess may offer cells additional protection against oxidative damage in the presence of this redox-active metal. Sod1 and its chaperone, Ccs1, are primarily located in the cytosol, but a small amount of both are also located in the mitochondrial intermembrane space (Sturtz et al. 2001) and in the nucleus (Wood and Thiele 2009) . Surprisingly, both the nuclear localization and enzymatic activity of Sod1 are required for the Mac1 response to low copper.
Mitochondrial copper utilization
Copper plays an essential role in respiration through its activation of cytochrome c oxidase (CcO). CcO is a multisubunit enzyme (also known as complex IV), located in the mitochondrial inner membrane, which catalyzes the final step of the electron transport chain of cellular respiration. Cox1 (subunit 1) contains a single copper ion bound in a heterobimetallic active site (termed the Cu B site) and Cox2 (subunit 2) contains two copper ions bound in a dinuclear center termed the Cu A site. In addition to the copper ions, CcO contains two heme a cofactors plus zinc, magnesium, and sodium ions. Assembly of functional CcO is a complex process and requires the assistance of copper chaperones specific for CcO, namely Cox17, Cox11, and Sco1 (Carr and Winge 2003; Robinson and Winge 2010) . Mitochondrial copper is largely present in the matrix associated with a low molecular weight ligand and must be transferred to the intermembrane space for incorporation into CcO . Cox17 is a soluble protein with localization to both the cytosol and the mitochondrial intermembrane space (Beers et al. 1997) . Yeast lacking functional Cox17 exhibit respiratory and CcO deficiency that can be rescued with high concentrations of copper (Glerum et al. 1996a) . Cox17 binds three copper ions per monomer of protein and likely binds copper after it translocates to the intermembrane space, where it can specifically interact with and donate copper to Sco1 and Cox11 (Horng et al. 2004) .
Sco1 is a mitochondrial copper-binding protein that is required for the formation of the Cu A site in Cox2. Sco1 was initially linked to Cox17 when it was isolated as a high-copy suppressor of the respiratory defect of a Cox17 mutant (Glerum et al. 1996b) . Cells lacking Sco1 exhibit respiratory deficiency and defects in CcO biogenesis (Schulze and Rodel 1988; Krummeck and Rodel 1990) . Sco1 is anchored in the mitochondrial inner membrane by a single aminoterminal transmembrane helix. The carboxy-terminal domain extends into the intermembrane space and binds a single Cu (I) ion (Rentzsch et al. 1999; Nittis et al. 2001) . Interactions between Sco1 and Cox2 are likely mediated by electrostatic interactions on a surface distinct from the copper-binding site (Rigby et al. 2008) .
Formation of the Cu B site in Cox1 requires Cox11, another copper-binding protein anchored in the mitochondrial inner membrane. Although yeast lacking Cox11 also exhibit respiratory deficiency and reduced levels of CcO (Tzagoloff et al. 1990) , the specific function of Cox11 came from studies in the aerobic bacterium, Rhodobacter sphaeroides (Hiser et al. 2000) . CcO isolated from strains lacking Cox11 contained both heme centers and the Cu A site, but lacked the spectroscopic evidence for a Cu B site. The Cu B site of CcO is buried in the inner membrane in the mature enzyme, and copper is thought to be inserted into Cox1 via a channel-like cavity that is transiently occupied by Cu-bound Cox11 (Khalimonchuk et al. 2007 ).
Manganese
Manganese is a redox-active metal that can occupy multiple valence states in biological systems. Similar to iron, Mn(II) and Mn(III) [and to a lesser extent, Mn(IV)] are frequently found in biological systems. In vitro, Mn(II) can substitute for a number of divalent cations (such as Mg 2+ and Ca 2+ ) in the activation of enzymes; thus the endogenous, in vivo metal ligand for a protein is not always clear. It may differ in different species or depend on the relative concentrations of cations in the cellular compartment where the enzyme is located. Manganese-dependent enzymes include oxidoreductases, dehydrogenases, transferases, and hydrolases (Crowley et al. 2000) . In yeast, particular attention has been given to the manganese-containing superoxide dismutase (Sod2) of the mitochondria and the manganese-dependent sugar transferases of the secretory pathway. Similar to other nutrient metals, uptake of manganese is homeostatically regulated. Unlike other nutrient metals, the regulation of manganese uptake appears to occur exclusively through post-translational mechanisms.
Uptake of manganese through Smf1 and Smf2
As is the case with other nutrient metals, under conditions of manganese deficiency, yeast express high-affinity manganese transporters (Figure 8 ). Two homologous transporters of the Nramp family, Smf1 and Smf2, account for the majority of the high-affinity transport of manganese into the cytosol (Supek et al. 1996; Liu et al. 1997; Cohen et al. 2000) . Both transporters exhibit proton-coupled metal transport when expressed in xenopus oocytes (Chen et al. 1999) , and, similar to other members of the Nramp family, can transport Mn(II), Fe(II), Cu(II), and Zn(II), as well as other divalent metal ions (Chen et al. 1999; Cohen et al. 2000) . In cells grown in media containing sufficient concentrations of manganese, both Smf1 and Smf2 have relatively short half-lives and the transporters are sorted directly from the Golgi compartment to the vacuole for degradation (Liu et al. 1997; Liu and Culotta 1999; Portnoy et al. 2000 Portnoy et al. , 2002 . When manganese levels are low, both proteins become relatively more stable, and Smf1 is predominately expressed on the plasma membrane while Smf2 is predominately localized to endomembranes that likely correspond to the Golgi or endosomal compartment. Deletion of either SMF1 or SMF2 leads to slow growth in metal-depleted medium (Supek et al. 1996; Cohen et al. 2000) , but the relative contributions of these transporters to cellular manganese homeostasis are not equal. In rich medium, a strain lacking SMF1 exhibits nearly wild-type levels of intracellular manganese, while a strain lacking SMF2 exhibits a marked reduction in intracellular manganese as well as a loss of Mn-SOD activity and defects in glycosylation (Luk and Culotta 2001) . Elevated intracellular levels of manganese can protect cells from oxidative stress, and Smf1 is required for the intracellular accumulation of manganese when high levels of exogenous manganese are used to rescue the oxidative sensitivity of a sod1D strain (Reddi et al. 2009b) .
The phenotypic differences between the smf1D and the smf2D strains may be due to the distinct subcellular localizations of Smf1 and Smf2. Overall manganese uptake in yeast is relatively low compared to iron or zinc uptake, and only a small number of transporters on the cell surface would be required to account for the measured levels of uptake (Stimpson et al. 2006) . In contrast, levels of manganese within the lumen of the secretory pathway are relatively high due to the activity of the Golgi-localized, Ca 2+ / Mn 2+ efflux pump, Pmr1 (see below) (Lapinskas et al. 1995; Durr et al. 1998) . Recovery of intraluminal manganese by Smf2 in the late secretory pathway may represent the majority of manganese influx to the cytosol.
The activities of Smf1 and Smf2 are controlled posttranslationally by both intracellular trafficking and regulated degradation pathways. Yeast grown in manganese-sufficient medium rapidly degrade newly synthesized Smf1 and Smf2. This degradation occurs by sorting Smfs from the late Golgi compartment into the multivesicular body of the late secretory pathway with subsequent degradation in the vacuole. Similar to other transporters, degradation of Smf1 and Smf2 is dependent on ubiquitination by the ubiquitin ligase Rsp5 (Sullivan et al. 2007 ), but also requires several adaptor proteins that are involved in recruiting Rsp5 to the transporters. These include Bsd2 and Tre1/Tre2 (Liu et al. 1997; Liu and Culotta 1999; Stimpson et al. 2006) . In yeast grown in manganese-depleted medium, Smf1 and Smf2 escape recognition by Bsd2 and Tre1/Tre2 and are stably expressed on the plasma membrane and endosomes, respectively. Mechanistically, it is not clear how Smf1 and Smf2 escape detection or what controls their sorting to different membranes. Intraluminal manganese appears to be required for recognition by Bsd2 and Tre1/Tre2, however, because a pmr1D strain that fails to pump manganese into the lumen of Golgi vesicles also exhibits impaired degradation of Smf1 in manganese-sufficient medium (Jensen et al. 2009 ). These observations have led to a model in which it is the conformational changes associated with transport activity that lead to recruitment of Rsp5 and subsequent degradation (Stimpson et al. 2006) . Under conditions of manganese toxicity, Smf1 degradation becomes independent of Bsd2 and Tre1/2 and is only partially dependent on Rsp5. Elevated cytosolic levels of manganese trigger this pathway of degradation and the presence of manganese in the Golgi lumen is no longer required (Jensen et al. 2009 ).
Phosphate-dependent manganese transport
When yeast are grown in medium containing elevated levels of manganese, uptake can occur through the high-affinity phosphate transporter, Pho84. The transport substrate of Pho84 is a complex of phosphate anion and divalent metal cation (Fristedt et al. 1999) . In standard laboratory media, magnesium concentrations are relatively high, and the substrate for Pho84 is likely a MgHPO 4 complex. However, when extracellular manganese levels are high, Pho84 can also transport MnHPO 4, and strains lacking PHO84 exhibit resistance to manganese toxicity (Jensen et al. 2003) . Pho84 is strongly regulated at the transcriptional level by intracellular phosphate (Johnston and Carlson 1992) , but no evidence exists for regulation by manganese. Thus, uptake of manganese through Pho84 can significantly contribute to manganese toxicity.
Transport of manganese into the secretory pathway
Yeast require substantial concentrations of manganese in Golgi compartments to correctly mannosylate proteins of the secretory pathway that have been modified with O-and N-glucosylation in the endoplasmic reticulum. Yeast mannosyl transferases, similar to the oligosaccharide transferases of bacteria, plants, and animals, are dependent on bound manganese cofactors for activity. Full activation of these enzymes in vitro requires manganese at .1 mM concentrations (Crowley et al. 2000) . It is inferred from these observations that the intraluminal concentration of manganese must be substantial and similar to the concentration of Ca 2+ (1-2 mM) (Pezzati et al. 1997) . A single transporter in yeast, Pmr1, catalyzes the ATP-dependent transfer of both Ca 2+ and Mn 2+ into the lumen of the Golgi (Rudolph et al. 1989; Antebi and Fink 1992; Lapinskas et al. 1995; Durr et al. 1998 ) (see also Divalent Cations: Ca 2+ and Mg 2+ , Ca 2+ sequestration in intracellular compartments, above). Strains lacking Pmr1 exhibit multiple phenotypes attributable to defects in Golgi and endoplasmic reticulum function. While the protein sorting defects are largely attributable to luminal Ca 2+ deficiency, the glycosylation defects are rescued only by manganese supplementation. Strains lacking Pmr1 also exhibit increased intracellular manganese accumulation.
Yeast can also store manganese in the vacuolar lumen via the efflux pump Ccc1. Although primarily an iron transporter, overexpression of Ccc1 is associated with increased vacuolar manganese and can partially suppress the Mn 2+ hypersensitivity of a pmr1D strain (Lapinskas et al. 1996; Li et al. 2001b) .
Unanswered Questions
While considerable progress has been made in dissecting the molecular details of ion homeostasis in S. cerevisiae, several areas remain mysterious. Several activities that mediate transport of the alkali metal ions, Na + and K + , as well as the cation Ca 2+ , have been described using electrophysiology, but remain to be identified at the molecular level. Similarly, the regulation of transporters, including the Trk1/2 potassium transporters and the Ca 2+ channel made up of Mid1, Cch1, and Ecm7, must be characterized at the molecular level. Many components of signal transduction pathways that are regulated by these ions must be elucidated, and methods for directly identifying and analyzing changes in intracellular ions, particularly Ca 2+ , within yeast cells should be further developed, as these tools have been invaluable for studying Ca 2+ -dependent signaling in mammalian cells. Recent advancements in the design and use of genetically encoded calcium sensors offer hope that such methods may be successfully applied to the study of Ca 2+ -dependent signaling in yeast (Mehta and Zhang 2011) .
Metal trafficking within the cell is another significant area that needs exploration. All of the nutrient metals are required for activation of mitochondrial proteins, but only some of the transporters that control the uptake and efflux of iron in that organelle have been identified. The regulatory mechanisms that control the amount of metal taken up by mitochondria also remain to be identified. Copper, and possibly other metals, is present in mitochondria as a complex with a low-molecular-weight ligand that is uncharacterized.
Whether mitochondrial metal chaperones in addition to the identified copper chaperones are required for protein metallation there has not been determined.
Heme and some product of the mitochondrial ISC machinery must exit the mitochondria and carrier proteins and/or molecules are likely involved, but how this occurs is unknown (in the case of heme) or only beginning to be understood (in the case of ISCs). With the exception of Atx1 and Ccs1, the existence or identity of cytosolic metal chaperones for the metallation of iron, zinc, or manganese proteins is unknown. ISCs are very likely involved in signaling cellular iron status to the Aft1 and Aft2 regulators, but the molecular details of regulation have not been described. Copper must access the nucleus in some form to bind to the Mac1 and Ace1 regulators, but how this occurs is not known. The number of proteins known to comprise the yeast metalloproteome continues to expand, as does our appreciation of the importance of nutrient metals in the function of cells. Studies of cat regulation in S. cerevisiae have already provided many insights into these processes in larger eukaryotes, and will likely continue to uncover conserved components of these fundamental cellular networks.
